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- - - OBJECT - : - 

Tliie  general  abjective  of  this  cciitract  is  to  mike  studies  and  Invesllgadoni 
related  to  transistors  and  transistor-like  devices,  together  with  their  circuit 
properties  and  applications,  with  a  view  toward  detnonsiraiing  and  In¬ 
creasing  (he  practicability  of  their  use  in  operating  equipment. 


This  report  was  prepared  by  Bell  Telephone  Laboratories,  Incorporated 
On  behalf  of  Western  Electric  Company  Incorporated 
252  OroaAway,  New  York  38.  N.  Y. 

The  following  engineers  and  scientists  participated  in  its  preparation: 

R.  E.  Davis  A.  O.  Foyt  A.  B.  Kuper 

G.  A.  Dodson  ,|.  M.  Goidey  B.  Stauss 

B.  T.  H.".ward 


SUMMARY  OF  STATUS 

Work  oil  this  contract  Is  a  continuation  of  that  carried  out  on  Contracts  DA  36-039 
80-88962.  DA  36-039  flc-853P2  and  earlier  contracts  of  this  continuotis  scries. 

Status  of  Tasks  4  and  9  la  summarized  below.  Tasks  1,  2,  3,  5,  6  and  8  have  been  com¬ 
pleted  as  ropbrted  previously  under  earlier  contracts.  Task  7  is  inactive  by  mutual  agree¬ 
ment.  A  final  report  la  being  prepared  on  task  2. 

During  the  period  covered  by  this  report,  I  October  to  31  December  1991,  approximately 
2000  engineering  man-hours  were  devoted  to  work  oh  this  contract. 


TASK  4  '  NEW  AND  IMPItOVED  TRANSMISSION  TYPE  TRANSISTORS 

"Work  has  continued  on  the  l-watt,  1000-mo  transistor.  The  principal  effort  has  been 
directed  toward  fabrication  of  the  new  structure  which  was  described  in  the  last  report. 

This  structure  uses  o.xldc  masking  for  doflnlng  the  collector  Junction  and  for  separation  of 
the  base  and  emitter  electrodes.  Evaporation  masks  for  this  structure  huva  been  completed 
and  have  proven  satisfactory.  Several  evaporation  runs  h.ive  been  made  and  problems  as- 
roolated  with  the  new  alructuru  are  being  worked  out.  Test  transistors  of  (he  mesa  structure 
with  1  X  20  mil  emitter  and  base  cicctrodco  have  also  been  fabricated  during  this  quarter, 
Charocterlzatlon  studios  of  the  transistor  h.avc  continued.  Improvement  in  the  collector 
Junction  breakdown  voltage  and  reduction  of  the  unoapsulatlnn  parasitic  Inductances  arc 
neoessary  to  meet  the  objectives.  Solutions  to  those  problems  ore  being  sought. 

Design  caloulutlons  have  been  carried  out  for  a  low-powor  transistor  to  bo  used  In  the 
low  mlarowavc  frequency  range.  A  uniliitarol  gain  of  14  db  at  3  kn'c  Is  indlcntod  for  tlio 
device,  The  Iramtlstor  uses  o  dot  emitter  0.26-niil  lit  dlninetor  and  a  ring  base  contact, 
separated  from  the  omltlvi'  by  0,1  mil.  The  technique  of  oxide  maskliig  for  the  collector 
Junction  aiitl  of  o.xtde  separation  of  (ho  omlttcr  and  base  electrodes  Is  also  used  for  this 
transistor.  Wo  have  attempted  to  fabricate  (ho  structure,  and  the  very  smolt  geometry  has 
been  obtained.  However,  soattering  of  the  evaporated  materials  durinfr  'he  evaporation  of 
the  oxldos  and  electrodes  presents  a  serious  problem.  The  ncccscr>’‘y  Improvements  In 
evaporation  leehnlquos  to  reduce  (ho  sostterlng  are  being  Investigated. 

A  study  of  (he  problem  of  the  origin  of  the  base  current  In  diffunod-bate  germanium 
transistors  has  been  carried  out.  Expel imenta  have  shown  that  the  low-frequenoy  base 
ourrent  is  the  result  of  a  lurfaoe  reoombtnation  within  the  emitter  space-ohorge  region  at 
UiS  perimeter  of  the  emtllor  sleolrode.  This  current  appeors  to  be  responelbie  for  the  fall- 
off  of  the  low-frequency  current  gain  of  all  diffused-base  germonlum  iranslstora  at  low 
emitter  currenta.  Further  experlmsme  ore  In  progreas  to  determine  how  thla  recombinatioa 
current  can  be  reduced. 


TASK  ft  -  FUNCTIONAL  DEVICES  AND  fNTEORATED  CIRCUITS 

Work  Is  coniinuing  on  the  development  of  the  technology  necessary  for  the  production 
of  Integrated  circuits.  In  conjunction  with  (hie,  the  terminal  proportloa  of  variations  of 
aliutdard  logic  circuits  are  being  studied. 

Surveys  have  been  made  In  an  attempt  to  define  the  optimum  method  of  integration. 

Acceluratrcl  aging  techniques  are  being  applied  to  investigate  various  particular  mech¬ 
anisms  of  failure  assocliJtcd  with  Intcer.itccl  dcwlccs.  Mcch.nnlsms  of  failure  concerning  the 
leads  and  contacts  to  the  devices  are  being  studied  directly.  Ihrougli  the  use  of  purltculnr 
test  vehicles. 

A  final  scries  of  acccicrnteci  aging  tests  nrc  being  carried  out  on  multiple  diodes  in 
a  single  encnpsidadnn.  These  tests  Involve  both  thermal  and  clcctricnl  atressos. 
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SECTION  1  -  PURPOSE 


The' general  purpose  of  this  contract  Is  to  make  studies  and  Investigations  re¬ 
lated  to  transistors  and  translstor-llke  devices,  together  with  their  circuit  prop¬ 
erties  and  applications,  with  a  view  toward  demonstrating  and  Increasing  the 
practicality  of  their  use  in  operating  equipment.  This  contract  is  a  successor  to 
preceding  contracts  of  a  similar  nature:  Contract  W36-n.39  ac-44497,  Contract 
DA  36-039  sc-5589,  Contract  DA  38-039  8C-04618,  Contract  DA  36-039  8C-85352, 
and  Contract  DA  38-039  ac-88982. 

These  contracts  call  for  services,  facilities,  and  material  to  be  employed  on 
mutually  acceptable  lasks.  Of  the  nine  tasks  assigned,  five  have  been  completed 
with  final  reports.  Work  on  Task  2.  Transistor  Reliability  was  terminated  in 
August  1961.  A  final  report  is  being  prepared.  Brief  descriptions  of  other  tasks 
and  dates  of  Final  Reports  are  contained  In  Section  1  of  Report  No.  6  dated  31 
December  1961,  the  First  Quarterly  Report  Issued  under  the  present  contract. 

Tasks  currently  active  under  this  contract  are  outlined  below. 


TASK  4  -  NEW  AND  IMPROVED  TRANSMISSION  TYPE  TRANSISTORS 

The  contractor  shall  make  theoretical  and  experimental  studies  leading  to  ex¬ 
ploratory  models  and,  upon  mutual  agreement,  to  feasibility  designs  of: 

1.  New  translators  using  new  or  previously  untried  principles. 

2,  New  transistors  obtained  by  studied  modifications  of  existing  types. 

The  new  transistors  shall  be  primarily  Intended  and  suitable  for  application  to 
voltage,  current,  and  power  ampllhers,  and  to  assochted  electronic  transducers. 

In  general,  transistors  having  ac  amplifying  properties  In  the  following  ranges 
arc  of  particular  Interest: 

1.  Germanium  transistors  from  1000  meps  to  3000  meps  with  as  large  power 
ratings  as  the  state  of  the-  art  permits. 

2.  Silicon  transistors  from  100  meps  to  1000  meps  with  as  large  power  ratings 
and  as  high  temperature  ratings  as  the  state  of  the  art  permits. 

3.  Devices  of  other  materials  with  specific  attention  to  obtaining  frequency, 
power,  noise,  or  temperature  advantages  over  germanium  and  silicon 
devices. 


TASK  4A  -  MICROWAVE  TRANSISTOR 

The  Contractor  shall  conduct  a  study  and  investigation  leading  to  the  design  and 
fabrication  of  a  transistor  capable  of  operating  with  a  minimum  of  lO-db  gain  at 
3000  me.  The  transistor  structure  should  be  of  a  diffused  base  mesa  type  with  stripe 
emitter  and  base  electrodes  or  with  dot  emitter  and  ring  base  electrodes.  An  accu¬ 
rate  design  theory  for  such  a  device  shall  be  established  together  with  an  appropriate 
equivalent  circuit  including  package  parameters.  It  is  desired  that  the  transistor  be 
matched  into  50-ohm  input  and  output  coaxial  terminations.  From  a  microwave  point 
of  view  the  structure  (package  and  transistor)  shall  be  basically  broadband.  Ideally, 
the  transistor  should  be  capable  of  greater  than  10-db  power  gain  from  d.c.  to  3000  me. 
Appropriate  experimental  models  of  such  devices  including  any  necessary  adapters, 
indicative  of  the  progress  made  shall  be  furnished  during  the  course  of  this  program. 


TASK  4B  -  1000  MC,  1  WATT  TRANSISTOR 

The  Contractor  shall  conduct  a  study  and  investigation  leading  to  the  design  and 
fabrication  of  a  transistor  capable  of  operating  with  a  minimum  of  1  watt  of  power 
output  at  1000  me  with  a  minimum  gain  of  10  db  and  with  a  minimum  efficiency  of 
30  per  cent,  for  this  power  output  and  gain.  An  accurate  design  theory  for  such  a 
device  shall  be  established  together  with  an  appropriate  equivalent  circuit  Including 
package  parameters.  The  structure  shall  be  an  hermetically  sealed  package  with 
provisions  for  mounting  on  simple  heat  sinks.  Appropriate  experimental  models  of 
such  devices,  including  any  necessary  adapter.?,  indicative  of  the  progress  made 
sliall  be  furnished  during  the  course  of  this  program. 


TASK  9  -  FUNCTIONAL  DEVICES  AND  INTEGRATED  CIRCUITS 

The  Contractor  shall  make  theoretical  and  experimental  studies  leading  to  ex¬ 
ploratory  models,  and  upon  mutual  agreement,  to  feasibility  designs  and  finally  to 
development  models  of  semiconductor  components  able  to  perform  more  complex 
functions  than  existing  components  can,  thereby  reducing  the  number  of  components 
needed  In  electronic  systems  with  the  ultimate  objective  of  Improving  the  reliability 
and  reducing  the  cost  of  such  systems.  The  components  to  be  Investigated  shall 
Include; 


1.  Functional  devices,  namely  devices  designed  from  physical  phenomena  to 
perform  as  directly  as  possible  desired  systems  functions. 

2.  Diodes  and  transistors  In  miniature  insulated  oackaees  to  bn  compatible  with 
thin  film  resistor-capacitor  techniques.  These  packages  may  form  an  Integral  part 
of  an  Insulating  substrate  on  which  resistive  and  capacitive  films  may  be  evaporated 
to  form  complete  circuits. 

3.  Integrated  circuits,  namely  combination  of  circuit  elements  including,  where 
appropriate,  functional  devices  designed  and  fabricated  as  units  to  perform  desired 
systems  functions. 

The  work  shall  include  but  tiul  be  Umlled  to: 

1.  Evaluation  of  systems  requirements  and  related  components  requirements 
with  attention  to  such  figures  of  merit  as  speed,  gain,  power  dissipation,  Impedance, 


reliability,  packing  density,  Interconnection  topology,  etc.  A  study  shall  be  under¬ 
taken  of  selected  categories  of  semiconductor  components  to  determine  their 
universality  with  respect  to  a  variety  of  systems.  For  example.  Integrated  dlode- 
translstor  logic  circuits  shall  be  studied  for  gating  and  fUp-flop  circuits.  The 
gating  circuits  studied  shall  be  designed  for  optimum  fan-in,  fan-out  requirements. 
The  fan-in,  fan-out  requirements  should  be  based  upon  systems  analysis. 

2.  Study  of  miniature  diodes  and  transistors  in  Insulated  packages  shall  be 
undertaken  to  determine  the  effects,  if  any,  of  the  packaging  techniques  on  the  per¬ 
formance  and  reliability  of  these  devices.  Wherever  possible,  comparative  conven¬ 
tional  devices  shall  be  used  to  make  this  analysis  most  meaningful. 

3.  Fabrication  of  these  selected  exploratory  components  and  circuits  to  deter¬ 
mine  their  figures  of  merit.  For  example,  four-layer,  three-terminal  device 
structures  (PNPN)  having  turn-off  gain  properties  shall  be  investigated  for  applica¬ 
tion  to  functional  circuits.  In  addition,  the  contractor  shall  endeavor  to  determine 
the  reliability  Inter-relatlonshlp  of  several  semiconductor  devices  (l.e.  diodes  and 
transistors)  contained  In  a  common  sealed  package  or  several  Junctions  fabricated 
In  r.  common  semiconductor  wafer. 

4.  The  cost  factors  associated  with  all  of  the  above  shall  be  investigated,  par¬ 
ticularly  with  respect  lo  yield  on  multiple  devices  in  common  package  or  multiple 
Junctions  within  one  wafer. 


SECTION  2  -  ABSTRACT 


TASK  4  -  NEW  AND  IMPROVED  TR  *•  NSMISSION  TYPE  TRANSISTORS 

A  proposed  germanium  dUfused-basc  transistor,  intended  for  use  as  an  ampli¬ 
fier  In  the  low  microwave  frequency  range,  Is  described  and  discussed  In  Chapter 
The' transistor  has  a  circular  emitter  cf  0.25-mii  dlamotcr,  a  ring  base  elec¬ 
trode,  and  a  circular  collector  of  1-mll  diameter  defined  by  an  oxide  ring.  Prom 
an  equivalent  circuit  for  the  transistor,  the  short-circuit  admittance  parameters 
are  calculated  as  a  function  of  frequency,  and  unilateral  gain  Is  calculated  as  a 
function  of  frequency.  At  3  Gc,the  calculated  unilateral  gain  Is  14  db  for  a  bias  of 
VcB  =  5  V,  lo  =  2  ma.  The  need  for  a  new  header  with  lower  series  lead  Inductance 
than  the  M2174  header  la  discussed. 

Two  germanium  processing  changes  are  described.  The  first,  a  change  in  the 
base-layer  diffusion,  is  a  meth^  for  lowering  the  series  base  resistance  using  two 
dlffublons  with  different  surface  concentrations  and  different  diffusion  depths.  The 
second,  a  change  in  the  evaporation  of  emitter  and  base  contacts,  allows  the  evap¬ 
oration  of  circular  contacts.  Some  initial  evaporation  results  are  presented, 

Chapter  2  describes  work  on  the  M2260  transistor  designed  for  1-watt  power 
output  at  1  kmc.  The  specific  dimensions  and  diffusion  data  are  presented  for  a 
transistor  using  the  oxide-spaced  tnterdigitated  structure  outlined  in  the  last  report. 
The  predicted  values  of  the  equivalent  circuit  parameters  based  on  these  dimensions 
are  ^ven.  The  preliminary  evaporations  using  the  new  masks  have  been  carried 
out,  and  provide  the  desired  structure  within  tolerance  limits. 

Threc-strlpe  mesa  units  with  1  x  20  mil  stripes  have  been  used  for  electrical 
characterisation.  The  calculation  of  from  the  high-frequency  h  n,  measurements 
was  not  possible  due  to  excessive  header  input  inductance.  The  value  of  r^  calcu¬ 
lated  from  low-frequency  hib  and  a  measurements  is  at  least  as  low  as  that  pre¬ 
dicted  from  the  structure.  These  units  provided  a  small -signal  power  gain  of  20  db 
at  1  kmc  with  sero  db  reverse  transfer,  in  a  tuned-input  tuned-output  amplifier  with 
no  external  feedback. 

Chapter  3  treats  the  surface  dependence  of  the  dc  and  low-frequency  base  cur¬ 
rent  In  germanium  dlffused-base  transistors.  The  base  current  in  germanium  dif¬ 
fused -base  translstore  has  a  dependence  on  emitter-base  voltage  and  on  temperature 
which  is  shown  to  be  in  quantitative  agreement  with  the  theory  of  recombination  at 
traps  within  the  emlllsr  spacs-chiirgs  with  energy  near  the  mid-gap.  However,  as 
pointed  out  by  Moll,  the  trap  density  required  in  this  model  is  so  high  that  a  homo¬ 
geneous  dlintrlbutlon  of  such  traps  in  the  base  region  near  the  emitter  barrier  is 
incuneietent  with  the  high  gain  observed. 

The  base  current  is  also  found  to  be  strongly  surface  dependent.  Common- 
emitter  current  gain  can  be  cycled  repeatedly,  such  that  it  changes  by  factors  of 
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order  ten.  Washing  in  water  Is  used  to  decrease  base  current;  baking  in  dry  hydro¬ 
gen  to  Increase  it.  The  base  current  under  reverse  emitter-base  voltage  shows, 
quantitatively,  the  same  surface  dependence  as  that  seen  under  forward  bias. 

These  results  suggest  that  base  current  in  these  transistors  is  dominated  by 
recombination  at  surface  traps  within  the  emitter  space  charge.  A  contribution  to. 
the  base  current  in  silicon  planar  transistors  arising  in  a  similar  way  has  been 
suggested  by  Sah. 

The  data  suggest  that  the  emitter  at  the  surface  at  equilibrium  has  a  configu¬ 
ration  like  .a  Junction  between  p  and  n  regions,  both  lightly  doped,  and  that  surface 
recombination  velocity  is  high. 

The  single -trap  approximation  gives  a  trap  80  mv  from  the  mid-gap.  The  traps 
are  thought  to  be  characteristic  of  the  Oe-Oe  oxide  Interface  and  to  be  deactivated 
by  the  presence  of  water. 

When  a  transistor  which  has  been  washed  in  water  is  later  baked  in  hydrogen, 
the  same  trap  persists,  its  density  increases,  and  the  surface  positive  charge  also 
increases. 

Collector  current  depends  on  emitter-base  voltage  and  temperature  as  expected 
from  Ideal  pn  Junction  theory  and  Is  nearly  Independent  of  surface  treatment.  The 
different  dependence  of  t)ase  and  collector  current  on  emitter-base  voltage  results 
in  the  well-known  dependence  of  common-emitter  current  gain  pn  current.  The 
model  is  believed  to  apply  to  germanium  high-frequency,  high-gain  transistors  which 

show  Iboc  exp  ( which  Includes  virtually  all  currently  available  types. 


TASK  9  .  FUNCTIONAL  DEV1CF8  AND  INTEGRATED  CmCUITS 

Chapter  4  Is  an  interim  report  on  the  accelerated  aging  experiments  being  car¬ 
ried  out  with  multiple  diodee  in  a  single  encapsulation.  The  results  show  that  the 
main  population,  consisting  of  about  DO  per  cent  of  the  devices,  possess  good  toler¬ 
ance  to  both  electrical  and  therm**  1  stress. 

Chapter  i  presents  a  review  of  the  merits  and  defecta  of  various  approaches  to 
integrated  semiconductor  circuits.  It  is  concluded  that  most  gains  are  obtained 
through  a  flexible  approach,  using  multiple  like  devices  on  a  common  substrate  and 
the  common  encapsulation  of  unlike  devices  on  separate  substrates. 

Chapter  6  discusses  the  effect  of  temperature  aging  on  thermal  compression 
bonded  contact  between  leads  wire  of  various  metals,  and  an  aluminum  contact  on  a 
semiconductor  device.  The  result  shows  that  the  resistance  of  the  bond  Increases 
until  an  open  circuit  occurs. 


SECTION  3  -  PUBUCATIONS  AND  REPORTS 


“A  paper  by  J.  T.  Nelson  and  A.  G.  Foyt,"  "Germanium  Transistors  for  Opera 
tion  above  1  kmc,"  was  presented  at  the  meeting  of  the  Professional  Group  on  Elec 
tron  Devices  of  the  IRE  held  in  Washington  D.C.  on  October  26,  1901. 
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SECTION  4  -  FACTUAL  DATA 


TASK  4  -  NEW  AND  IMPROVED  TRANSMISSION  TYPE  TRANSISTORS 


Chapter  1 


THE  M2275,  A  GERMANIUM  MICROWAVE  TRANSISTOR 
WITH  CIRCULAR  ELECTRODES 

By.  A.  G.  Foyt 


1.1  INTRODUCTION 

Thlfl  chapter  discusses  a  propoaed  germanium  diifused-baso  translator  intended 
for  use  as  an  amplifier  In  the  low  microwave  frequency  range.  The  transistor  has 
circular  emitter  and  base  contacts  and  n  circular  collector  defined  by  an  oxide  ring. 
The  transistor  has  a  calculated  unilateral  power  gain  of  14  db  at  3  Oc  when  operated 
at  a  10-mw  bias  ievel.  An  equivalent  circuit  for  the  transistor  is  presented,  and  the 
t'.vo'port  parameters  of  the  equivalent  circuit  arc  computed  as  a  function  of  frequency, 
Unilateral  gain,  as  defined  by  8.  J,  Mason,  is  computed  from  the  two*port  parameters 
and  la  shown  as  a  function  of  frequency.  Finally,  two  changes  In  the  germanium 
processing,  the  diffusion  of  the  baee  layer  and  the  evaporation  of  the  surface  contacts, 
are  dleoussed. 


1.2  STRUCTURE  OP  THE  TRANSISTOR 

This  transistor  Is  to  be  a  germanium  pnp  diffused-base  transistor.  It  Is  designed 
for  use  as  a  common-base  amplifier  in  the  low  microwave  frequency  range.  A  sim¬ 
ilar  transistor,  the  M2174,  a  germanium  diffused-base  mesa  transistor  with  stripe 
emitter  and  base  contacts  has  shown  useful  performance  as  an  amplifier  in  the  upper 
UHF  range.  The  new  structure  Is  basically  an  attempt  to  reduce  the  size  of  the 
M2174  and  Improve  the  performance  at  high  frequency. 

However,  an  attempt  to  reduce  the  size  of  the  M2174  by  a  reduction  of  all  dimen¬ 
sions  does  not  seem  feasible.  The  emitter  and  base  sli  ipe  widths  arc  found  to  be  the 
smallest  size  for  which  evaporation  masks  can  be  made  reproducibly  by  present 
techniques,  so  a  reduction  in  stripe  width  could  not  be  made.  If,  however,  this  dimen¬ 
sion  is  held  fixed,  the  size  of  the  transistor  can  be  reduced  by  reducing  the  length  of 
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the  emitter  and  base  stripes.  This  length  can  be  reduced  until  the  emitter  and  base 
contacts  are  square.  However,  as  shown  by  Early  (Ref.  1)  this  reduction  does  not 
improve  the  gain -bandwidth  product.  If,  however,  the  base  contact  is  made  as  a  ring 
around  the  emitter,  the  series  base  resistance  will  be  reduced  with  no  increase  in 
the  collector  capacity  under  the  emitter,  and  the  gain -bandwidth  product  will  be  in¬ 
creased.  .In  the  final  design  a  ring  was  used  for  the  base  contact  and  a  circular  dot 
was  used  ;iOr  tiie  emitter  contact. 

With  a  ring-dot  contact  geometry,  a  circular  collector  would  minimize  the  col¬ 
lector  area.  Since  the  collector  area  outside  the  base  contact  does  not  contribute  to 
the  transistor  action  anc[Js.  in  fact,  an  unwanted  parasitic  capacity,  the  transistor 
was  designed  to  make  this  area  small.  An  oxide  mask  that  would  define  the  collec¬ 
tor-base  Junction  seemed  to  be  the  most  suitable  method  for  controlling  the  collector 
area  (Ref.  2).  By  defining  the  collector  Junction  with  an  oxide  mask  and  by  laying 
part  of  Llie  base  ring  on  lliis  oxide  mask,  the  collector  area  can  be  reduced  by  factors 
of  four  cr  more  over  the  M2174  design.  Finally,  the  method  used  to  limit  the  collec¬ 
tor  area  was  used  to  limit  the  emitter  area. 

Using  the  ideas  discussed  above,  the  transistor  was  designed  as  shown  in  Fig.  1, 


Fig.  1  -  Proposed  now  slnioluro  for  the  lO-mllllwnlf  common-base  amplifier 


1.3  ELECTRICAL  EVALUATION  OF  THE  PROPOSED  TRANSISTOR 

Electrical  evaluation  of  this  transistor  design  is  based  on  an  equivalent  circuit 
for  the  transistor.  In  this  section,  a  set  of  two-port  parameters  and  unilateral  gain 
are  computed  from  the  equivalent  circuit. 

A  similar  equivalent  circuit  was  used  previously  In  evaluating  the  M2174  tran¬ 
sistor.  The  circuit  consists  of  a  "T"  equivalent  circuit  for  the  germanium  wafer 
with  the  header  equivalent  circuit  located  around  the  outside  of  "T".  The  complete 
circuit  with  element  values  is  shown  In  Fig.  2,  The  element  values  shown  were  cal¬ 
culated,  measured,  or  estimated  from  previous  experience  with  similar  transistors, 
as  itemized  ; 
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Cjc  =0.02PF 


Klg.  2  -  Equivalent  circuit  fur  the  M2273  transistor 


1.  a  -  Thomaa  and  Moll  (Ref.  3)  have  shown  that  the  common-base  current 
transfer  ratio  a  la  elven  for  most  transistors  by 


l  +  JfAa’ 

whore  is  the  low-frequency  current  gain,  f,,  is  the  frequency  at  which  |  a]  Is 
down  three  db  from  its  low-frequency  value,  and  m  is  the  excess  phase  constant. 

2.  f.,  -  Early  (Ref.  4)  has  shown  that  the  common-emitter  unity  gain  frequency 

fi,  where 


fu  =  fi  (1  +  aom)  , 


can  be  calculated  as  a  sum  of  four  time  constants, 


_L 

2!rf"  ' 


where 


■^cc  “  “b  • 

r,  -  the  time  constant  for  the  emitter  diode, 


Tp  -  rgC,, 
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T|j  =  the  base  transit  time, 


w 


2 


3D  ’ 


where  w  is  the  base  width  and  D  is  the  diffusion  coefficient  for  holes  in  the  base 
layer. 

Tq  =  the  time  constant  for  the  collector  resistance-collector  capacity, 

Tc  =  rcCi  . 


Tx  =  the  time  constant  for  a  hole  crossing  the  collector-barrier  region, 


where  x  is  the  collector-barrier  width,  and  is  the  limiting  velocity  for  holes  in 
germanium. 

These  time  constants  are  shown  as  a  function  of  Co,  the  base-layer  surface 
concentration,  in  Figs.  3  and  4  for  two  levels  of  collector  doping, 

3,  So  and  m  were  estimated  from  previous  experience  on  the  M2174, 


Fig.  3  -  Computed  time  constants  vs.  base  layer  surface  concentration 
for  collector  doping  of  5  x  I0l6 


4.  Cout  Ci,  the  collector  outer  and  inner  capaoUieB,  werr  ualcul&ted  ueing 
the  data  for  di/i[u8ed  junction  capacity  computed  by  Lawrence  and  Warner  (Rei.  6)i. . 

5.  r\j,  the  series  base  resistance,  was  computed  using  a  method  which  Early 
(Ref.  0)  applied  to  alloy  Junction  transistors, 


where  pgi ,  pgj  ^re  the  sheet  resistances  of  the  base  layer  under  the  emitter  and 
between  the  emitter  and  base  contacts  respectively,  rj  IS  the  rodluf  Of  the  emittef 
contact,  and  rjj  Is  the  radius  of  the  base  oontaot, 

kT 

6.  re  •  emitter  diode  resistance  » . 

7.  Ce  «  emitter  diode  capacity. 

8.  r'g  ■  the  collector  series  resistance  and  was  estimated  from  the  M2174 
transistor, 

0.  Lc,  Lb  the  series  header  Inductances.  Ths  values  shown  were  measured 
for  the  M2174  coaxial  header. 

10.  Ceb>  Cbc )  Geo  =  the  shunt  header  capacities.  The  values  shown  were  meas¬ 
ured  on  the  M2174  coaxial  header. 

A  C„  of  2x1018  was  chosen  for  this  transistor  as  a  reasonable  compromise  be¬ 
tween  series  iMse  resistance  and  Oq.  A  collector  doping  of  6x10^°  was  chosen  as  a 
compromise  between  frequency  performance  and  collector  breakdown  voltage.  From 
this  equivalent  circuit,  a  set  of  Iwo-port  parameters,  the  short-circuit  parameters, 
were  calculated  using  an  IBM  650  computer.  The  parameters  versus  frequency  fig¬ 
ures  are  shown  in  Figs.  5  through  6. 
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From  the  computed  y  parameters,  several  measures  of  performance  may  be 
calculated  for  the  transistor.  A  measure  that  has  beemcommonly  used  in  transistor 
evaluation  is  Unilateral  Gain  (Ref.  7)  defined  by  S.  J.  Mason  as 


^ _ I  yi2  -y2i  I  ~ _ 

4[  re(yjj)re(y22)  -  re(yi2)re(y2j  )] 

U  is  shown  by  Mason  to  be  the  maximum  neutralized  pov/er  gain  for  the  transistor  in 
a  lossless,  passive,  reciprocal  tuning  and  neutralizing  network.  For  this  transistor 
U  versus  frequency  is  shown  in  Fig.  9. 


KIg.  i)  -  Unllntornl  gain  vs.  frequency 
(Computed  from  uquivnicnl  circuit) 


.1.3.1  Discussion  of  the  Two-Port  Calculations 

Several  observations  of  electrical  evaluation  can  be  made  at  this  time. 
First,  the  calculation  of  1„  was  shown  for  the  M2 174  to  give  a  value  that  was  two  to 
three  times  higher  than  the  observed  value.  For  the  M2275  the  calculated  value  was 
reduced  by  a  factor  of  three  for  the  equivalent  circuit.  Second,  the  calculated  input 

impedance,  7iJ~ ,  ia  increastng  rapidly  at  3  Gc,  the  highest  frequency  of  calculation. 
Part  of  this  Increase  Is  due  to  header  inductance.  To  reduce  this  resonance  effect 
In  input  impedance,  a  lower  biduutance  coaxial  header  will  be  used  for  this  transis¬ 
tor.  Finally,  the  short-clrcuU  uuLput  admittance  is  very  low,  so  that  a  low  loss  im¬ 
pedance  matching  section  must  be  used  to  match  the  output.  Our  experiments  on 
coaxial  lines  indicate  tliat  such  a  matching  section  can  be  built. 


1,4  NEW  GERMANIUM-PROCESSING 

Two  departures  from  previous  techniques  v/111  be  made  in  the  germanium  proc¬ 
essing  for  this  transistor.  The  first  departure  is  a  method  for  contouring  the 
base-layer  impurity  profile  u.sing  two  separate  diffusions  to  lower  the  series  base 
resistance.  The  second  departure  is  a  method  for  evaporating  the  circular  emitter 
and  base  contacts. 

The  method  for  lowering  the  series  base  resistance  is  illustrated  by  the  impu¬ 
rity  profile  of  the  base  layer,  Fig.  10,  As  shown,  there  are  two  separate  diffused 
layers.  The  first  diffusion,  with  lower  Co  and  lower  diffusion  coefficient,  extends 
the  entire  base-width  and  provides  base  doping  under  the  emitter.  The  second  dif¬ 
fusion,  with  higher  Co  and  higher  diffusion  coefficient,  extends  to  the  emitter  pene¬ 
tration  depth,  and  lowers  tlie  series  base  resistance  between  the  emitter  and  base 
-contacts. 

This  method  provides  Independent  control  of  the  doping  under  the  emitter  and 
the  doping  the  emitter  and  base  contacts.  Since  the  area  between  the  emitter  and 
Base  Is  only  series  resistance,  it  will  be  doped  ae  heavily  as  possible.  The  doping 
under  the  emitter  partially  determines  the  ffo  of  the  transistor  and  determines  the 
base  roslstaiice  under  the  emitter.  A  compromise  must  be  made  between  Oq  and 
base  resistance.  From  experience  with  the  M2174,  a  base-layer  depth  of  1/4  mi¬ 
cron  and  a  C',,  of  2xl0i^  is  a  reasonable  compromise  between  and  rj.. 

The  second  departure  from  standard  processing  is  the  method  of  evaporating 
emitter  and  base  contacts  and  the  oxide  layers,  On  previous  translators  the  emitter 
and  base  contacts  were  evaporated  by  shadow  masking  of  the  evaporated  material 
using  a  melul  mask  clamped  over  the  germanium  in  a  stationary  holder.  For  the 
M2275  a  shadow  masking  technique  will  be  used.  However,  the  holder  will  be  al¬ 
lowed  to  rotate  for  the  evaporation  of  a  ring  and  will  be  allowed  to  tilt  for  control 
of  the  ring  diameter.  A  similar  method  of  evaporation  has  been  reported  by 
Wlegmann  (Ref.  8).  This  technique  is  not  cumplelely  controlled  at  this  time,  and  the 
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Fig.  10  -  Bnso  impui'lly  uunccntrntlon  vs.  tleplh 


'.■•g.  II  -  Inlll.'il  ring-flot  c'vnporatlnnH 


details  of  the  evaporation  process  will  bo  reported  at  a  later  dale,  However,  some 
Initial  results  Indicate  that  the  method  does  work.  Some  of  the  first  evaporations 
are  shown  In  Fig,  11. 


1,5  SUMMARY 

A  proposed  germanium  dlffused-base  planar  collector  transistor  has  been  pre¬ 
sented  and  described.  The  transistor  has  been  calculated  to  be  capable  of  14  db 
unilateral  gain  at  3  Gc  when  operated  at  the  design  bias  level  of  Veg  -  5V,  -  2  ma. 

An  examination  of  the  transistor  Input  Impedance  shows  the  net'd  for  a  new  header 
with  lower  series  Inductance  than  the  M2174  coaxial  header.  An  examination  of  the 
transistor  output  impedance  shows  the  need  for  a  low -loss  matching  section  to  match 
the  output  Impedance  to  standard  coaxial  line.  Our  experiments  indicate  tlml  such 
a  matching  section  can  be  built.  Two  germanium  processing  changes  have  been  pre¬ 
sented,  one  for  lowering  the  base  series  resistance,  and  one  for  evaporating  the 
surface  contacts  on  the  proposed  transistor.  Initial  results  indicate  the  transistor 
can  be  made. 
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Chapter  2 


STATUS  OF  THE  M2260,  1-WATT.  1000-mc  TRANSISTOR 
By  R.  E.  Davis 


2.1  INTRODUCTION  AND  SUMMARY 

The  M2260  is  a  p-n-p  dlflused-base  transistor  designed  for  1-walt  power  output 
at  1  kmc.  The  principal  effort  during  this  period  has  been  devoted  to  the  fabrication 
of  the  oxide-separated  Interdlgltated  structure.  Initial  evaporations  using  new  masks 
have  provided  the  desired  structure  within  the  allowable  tolerances. 

Some  amall-sigiial  measurements  have  been  obtained  on  1  x  20  mil  3-stripe 
mesa  units.  The  values  of  rj,  calculated  from  the  low-frequency  h||j  and  a  measure¬ 
ments  are  at  least  as  low  as  those  calculated  from  the  structure.  The  calculation  of 
rj,  from  the  high-frequency  hp,  measurements  was  not  possible,  due  to  excessive 
header  Inductance  in  the  input  lead.  These  units  provided  a  small-signal  power  gain 
of  20  db  at  1  kmc,  with  reverse  transfer  of  0  db,  In  a  tuned-input  tuned-output  am¬ 
plifier  with  no  external  feedback. 

This  chapter  gives  the  design  dimensions  and  calculated  parameter  values  for 
a  1-watt,  1-kmc  transistor  using  the  oxide-spaced  structure. 


2.2  DIMENSIONS  AND  PARAMETER  VALUES  FOR  A  1-WATT,  1-kmc 

TRANSISTOR  USING  THE  OXIDE-SPACED  INTERDIGITATED  STRUCTURE 

A  description  of  this  structure  and  its  inherent  advantages  has  previously  ap¬ 
peared  In  these  reports  (Ref.  1).  Such  a  transistor  structure  is  shown  in  Fig.  12. 
The  dimensions  given  in  Table  2-1  are  based  on  the  requirements  of  1  watt  output 
power  at  1  kmc,  The  starting  material  Is  0.5  n-cm  p-type  epitaxial  germanium  de¬ 
posited  on  0,01  0-cm  p-lype  substrate.  The  base  diffusion  depth  Is  0,3  micron  and 
the  emitter  is  assumed  to  penetrate  0.1  micron,  which  represents  the  best  estimate 
based  on  previous  experience.  The  base  sheet  resistance  for  three  different  values 
of  diffusion  surface  concentration  Is  given  In  Table  2-2  lor  the  case  of  antimony  dif¬ 
fusion  alone,  and  also  for  the  case  of  antimony  diffusion  followed  by  an  arsenic  dif¬ 
fusion  who.se  chnet  reslslanco  is  250n/£7  (Ref.  2).  The  values  of  rj,  for  this  struc¬ 
ture  based  on  these  sheet  resistances  are  also  given  in  the  table.  Table  2-3  gives 
the  theoretical  values  of  the  significant  parameters,  based  on  the  dimensions  shown 
In  Table  2-1  and  the  diffusion  paiamelers  shown  above.  Some  of  the  capacities  ap¬ 
pearing  in  this  table  are  not  found  in  the  mesa  structure.  These  parasitic  capaci¬ 
ties,  identified  by  primes,  are  the  capacities  of  the  oxide  separated  lead  materials 
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CROSS  SECTION  A-A* 
ALONG  •  BASE  5TRIPE 


K!g.  12  -  Oxlclc-spncftl  Intcrdlgltatccl  structure 


Table  2-1 

DIMENSIONS  FOR  A  1-WATT,  1-kmc,  OXIDE-SPACED  TRANSISTOR 


lU'lcn  nco  N<».  tn  KIk*  12  iind  l)i‘iicrl))tlon 

! 

1  DiinunaioliB  (ill  lidib) 

benKilt 

Width 

(1)  Hole  In  SIO  layer 

20 

4.5 

(2)  Dasc  leuci  bonding  bar 

23 

2.0 

(3)  Rn so  comnet  Stripe* 

8.5 

0.6 

(4)  Oxide  coating  on  base  Blrlpes 

8,9 

1.0 

(S)  Emitter  contact 

23 

e.s 

(6)  Emitter  overlay 

23 

e.5 

Base-stripe  overlap  on  base  Ixindlng  txjr 

1.0 

Distance  beta-cen  base  bonding  Ixtr  and  oxide  hole 

2.0 

Distance  between  base  bonding  bar  and  edge  of 
emitter  contact 

1.0 

Displacement  of  emitter  overlay  w.r.  to  emitter  contact 

1.0 

I 


Table  2-2 


AS  A  FUNCTION  OF  DIFFUSED-BASE  lj\YER  PARAMETERS 


DitTusiint  Surface  | 

ConcGulratfoii 

“  ®  -i 

a  K 

('1  -emr^ 

■ISB 

n/u 

Use 

(I/a 

‘b  " 
(ohms) 

Co  =  1018s, 

58 

30 

575 

1670 

2.61 

^■250n/□  As 

174 

1670 

1.87 

Co  =  2x1018 

85 

42 

302 

1190 

1.83 

+250 0/G  As 

153 

1190 

1.38 

C'o  =  3x10 18 

110 

52 

300 

1000 

1.48 

+250  0/0  As 

136 

1000 

1.18 

ffg  =  average  conductivity  In  base  layer 
=  average  conductivity  under  emitter 
R^J,  -  sheet  resistance  of  base 
Rg^  ^  sheet  resistance  under  emitter 


c« 


Fig.  13  -  Equivalent  circuit  of  the  oxide-spaced  structure 
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Table  2-3 

EQUIVALENT  CIRCUIT  PARAMETERS* 


Symbol 

Dccc  ription 

Vuiuc 

base  resistance 

See  Table  2-2 

Co 

outer-collector  junction  capacity 
(everywhere  except  under  the  emitter) 

4.0  pf 

Cue 

base  contact  to  collector  capacity 
through  the  SlO 

1.0  pf 

Ci 

Inner -collector  junction  capacity  (under 
the  emitter) 

2,2  pf 

Co 

emitter  transition  capacity 

50  pf 

Coo 

emitter  contact  to  collector  caijaclty 
through  the  SiO 

1.0  pf 

i 

Cell 

emitter  contact  to  base  contact  capacity 
through  510 

1.3  pf 

fc 

collector  body  resistance  under  the  emitter 

0.1  n 

>'C' 

substrate  reslBlnnce  under  the  emitter 

'  1 

0.25  a 

RL 

collector  body  resistance  under  Inactive  portion 
of  emitter  lead 

o.mn 

It 

common-emitter  unity  gain  frequency 

2  kmcT 

*  All  cnpncKU's  unicuittted  iil  lOV  colloulur  I)Iub 
t  Baaed  on  M2 1 07  rceulls 


and  large  bonding  contacts.  The  equivalent  circuit  for  the  transistor  is  shown  in 
Fig.  13  with  these  parasitic  capacities  Included. 


2.3  INITIAL  EVAPORATION  OF  THE  NEW  STRUCTURE 

One  of  the  first  evaporations  using  the  new  masks  Is  shown  in  Fig.  14.  The 
various  parts  of  the  structure  may  be  identified  by  comparison  with  Fig,  12.  The 
dark  sections  on  the  base  stripes,  where  they  contact  the  germanium,  were  caused 
by  the  base  stripes  buckling  and  peeling  away  from  the  germanium  before  alloying. 
This  was  probably  due  to  the  germanium  surface  condition,  since  subsequent  slabs 
which  were  cleaned  before  evaporation  have  not  exhibited  this  behavior.  The  struc¬ 
ture  was  well  within  tolerance  limits  on  the  first  few  evaporations,  however,  in  sub¬ 
sequent  evaporations  the  stripes  have  been  misplaced  due  to  a  malfunction  of  the 
jigs.  The  jigs  are  now  being  modified  to  correct  this  shortcoming.  No  units  have 
been  satisfactory  for  electrical  testing  to  date. 
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Table  2-4 

LOW-FREQUENCY  a  AND  h|i,  MEASUREMENTS 


Bias 

Unu 

a 

’’ii) 

d  i;  ’  0) 

r  II) 

lL.(m;i) 

Vcij{voUs) 

No. 

(tilinis) 

I’lJ  (olinis) 

r|J(ohni3) 

ijJCohrns) 

50 

2.5 

1 

0.6588 

0.854 

8.11 

2.40 

.235 

50 

2.5 

5 

0.6666 

0.855 

10.1 

4.20 

.196 

50 

2.5 

7 

0.6566 

0.873 

8.80 

3.74 

.203 

too 

2.5 

0.9006 

0.568 

10.2 

(Thpwx’etical) 

100 

2.5 

5 

0.9750 

0.561 

12.0 

=  12  ohms 

100 

2.5 

7 

0.6668 

0.576 

10.5 

2.4  SMALL-SIGNAL  MtJASUKEMBNTS  ON  MESA  UNITS 

Three  S-strlpc  mesa  units  with  1  x  20  mil  stripes,  mounted  In  coaxial  headers, 
were  electrically  tested.  One  of  these  units,  after  bonding,  l,s  shown  In  Fig.  15.  The 
small-signal  low-frcfiucncy  monsurements  of  h||,  and  a  obtained  on  the  Boonton 
275 -A  transistor  test  set  are  given  for  these  units,  In  Table  2-4.  These  measure¬ 
ments  were  taken  at  two  values  of  emitter  current,  50  ma.  and  100  ma. 

The  respective  values  of  rj,  were  calculated  In  two  different  ways  for  these 
units,  The  expression  for  the  short-circuited  Input  Impeddnce  of  the  transistor  is 
given  by: 


=  .  (1) 

When  the  two  sets  of  h||,  and  or  measurements,  taken  at  the  two  different  current 
levels,  are  substituted  in  Equation  (1),  rj,  is  given  by: 


r 


.  KT  KT  , 
qlel  ‘  <lh2  ’ 


a 


2 


a 


1 


(2) 


where  the  subscript  1  refers  to  the  readings  taken  at  the  lower  value  of  emitter 
current. 

Substitution  of  this  value  of  in  Equation  (1)  gives  r^.  This  solution  obviously 
assumes  that  both  r,j  and  r^  are  invariant  with  change  in  emitter  current. 


Im  hit  M 
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The  values  of  calculated  from  the  measurements  in  this  manner  appear  In 
Table  2-4  under  the  column  (r^  /O),  and  are  considerably  below  the  theoretical  pre¬ 
diction  of  =  12  ohms, 

A  second  calculation  of  was  made,  assuming  that  r^  =  0  in  Equation  (1). 
These  values  of  I’t,  appear  In  Table  2-4  under  the  column  =  0 ),  In  this  case  the 
calculated  value  of  r||j  is  closer  to  the  theoretical  value,  but  is  different  at  the  two 
current  levels,  increasing  with  an  increase  in  current. 

The  question  as  to  which  of  these  calculations  gives  the  correct  value  of  is 
still  not  resolved,  since  there  are  logical  arguments  in  favor  of  each  case.  The 
increase  of  rj^  with  increase  in  current,  observed  for  the  case  re  =  0 ,  could  be  ex¬ 
plained  by  an  Increase  in  the  voltage  drop  along  the  emitter  stripe  with  Increase  in 
current.  On  the  other  hand  the  lower  value  of  rj,  obtained  for  the  case  0  would 
be  feasible  if  the  (1  -  a)  current  flowing  in  the  base  originated  at  the  edge  of  the 
stripe,  as  experiment  has  indicated  (Ref.  3).  Under  this  condition,  the  theo¬ 
retical  value  of  rl^  would  be  3.23  ohms,  which  agrees  reasonably  with  the 
measurements. 

The  small-signal  high-frequency  measurements  of  hjb  taken  on  the  G.R.  1607 -A 
transadmittance  bridge  are  shown  in  Fig.  16,  where  the  real  part  of  hib  is  plotted 
versus  the  imaginary  part  of  hjb.  In  the  normal  manner.  The  low-frequency  meas¬ 
urement  is  also  Included  for  completeness.  It  is  evident  from  this  curve  that  the 


Table  2-5 


SMALL-SIQNAL  QAIN  AT  1  kmc 


1* 

fmo) 

(volta) 

Forward 
Oatn  (db) 

Reverie 

□Bln(db) 

50 

2.5 

11.7 

-4.3 

50 

5.0 

12.2 

-e.4 

52 

5.0 

l£i.2 

•0.6 

62 

B.O 

22.S 

+1.7 

eo 

2.5 

oscillates 

Fig.  16  -  High  frequency  hib  of  coaxial  M226Q  mils 
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input  inductance  of  the  header  completely  masks  the  reactive  portion  of  the  transis¬ 
tor  input  impedance  and  renders  meaningless  any  deduction  of  r,^  from  these  meas¬ 
urements.  A  new  encapsulation  is  being  designed  to  decrease  this  header  input 
inductance  to  a  much  lower  value. 

Table  2-5  shows  a  set  of  small-signal  power  gain  measurements  taken  at  1  kmc 
in  a  tuned-input  tuned-output  amplifier  with  no  external  feedback.  Both  the  forward 
and  reverse  gain  have  lieen  measured  under  identical  tuning  and  bias  conditions. 

The  maximum  forward  gain  (with  reverse  gain  <  0  db)  is  seen  to  be  approximately 
20  db. 


2.5  CONCLUSIONS  AND  PLANS 

Preliminary  results  on  the  new  structure  are  encouraging  and  the  initial  evap¬ 
orations  using  the  new  masks  have  already  given  the  proper  structure,  well  within 
tolerances,  A  slight  modification  of  the  evaporation  Jig  should  give  reproducible 
results. 

The  small-signal  low-frequency  measurements  of  hih  and  o;  on  1  x  20  mil 
3 -stripe  mesa  units  give  rn  values  at  least  as  low  as  those  calculated  from  the 
structure.  Calculation  of  rj,  from  the  small  signal  high  frequency  measurements  of 
h||,  was  not  possible  due  to  excessive  input  inductance  In  the  header,  A  small-sig¬ 
nal  power  gain  of  20  db  at  1  kmc,  with  reverse  transfer  of  0  db,  wao  adiieveq  with 
these  units. 

Work  during  the  next  quarter  will  be  concentrated  on  producing  units  with  the 
oxide-spaced  structure,  Further  electrical  measurements  will  be  made  on  these 
and  on  3-6trlpe  mesa  units.  The  low-frequency  measurements  of  will  be  further 
Investigated. 
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Chapter  3 


SURFACE  DEPENDENCE  OF  GERMANIUM  HIGH-FREQUENCY, 
HIGH -GAIN  TRANSISTORS 

By  A.  B.  Kuper 


3.1  INTRODUCTION 

The  purpose  of  this  investigation  is  to  explore  a  new  surface  model  of  the  base 
current  in  high-frequency,  high-gain  germanium  (Ge)  translators,  Such  a  transistor 
implies  a  thin  base  and  thin  emitter  both  heavily  doped,  all  dimensions  very  small 
and  lifetime  greater  than  0.1  ps  for  minority  carriers  in  tne  hnne, 

It  is  well  known  that  ideal  pn  Junction  theory  based  on  diffusion  and  recombina¬ 
tion  (Ref.  1)  does  not  correctly  predict  the  detailed  behavior  of  transistors  (Refs,  2, 
3,4).  In  particular  the  dependence  of  current  gain  on  current,  a  (Ijj),  and  tempera¬ 
ture  la  not  explained  by  analysis  based  on  minority  carrier  injection  and  recombina¬ 
tion  in  the  emitter  and  base  regions. 

Sah,  Noyce,  and  Shockley  (Ref.  4)  (SNS)  have  shown  that  recombination  within 
the  emitter  space  charge  can  explain  the  increase  of  current  gain  with  emitter  cur¬ 
rent  in  silicon  transistors. 

However,  Qe  transistor  behavior  cannot  be  explained  by  space-charge  recom¬ 
bination  because  in  the  case  of  a  smaller  energy  gap  one  requires  very  short  life¬ 
times  to  fit  the  experimental  data  (Ref.  5).  This  requirement  implies  a  high  trap 
density,  but  a  uniform  distribution  of  such  traps  within  the  emitter  barrier  and  the 
base  is  Inconsistent  with  the  high  observed  gain.  This  leads  to  the  requirement  of 
traps  localized  within  the  emitter  space  charge. 

In  the  present  work,  Qe  transistor  gain  Is  changed  by  surface  treatment,  which 
suggests  that  the  traps  within  the  emitter  space  charge  are  localized  at  the  surface. 
The  presence  of  such  traps  in  silicon  transistors  has  been  suggested  recently  by 
Sah  (Ref.  6).  Other  recent  experiments  (Refs.  7,  8}  have  shown  that  the  base  current 
at  low  forward  voltage  in  silicon  transistors  is  predominantly  surface  current. 

High-frequency,  hlgh-gain  transistors  are  of  particular  interest  because  their 
design  makes  Ihe  usual  ideal  theory  components  of  base  current  very  small,  thus 
emphasizing  anomalous  base  current.  That  Is,  minority  carrier  injection  into  the 
emitter  is  minimized  by  heavy  emUter  doping.  Recombination  in  the  base  is  mini¬ 
mized  by  making  the  base  width  much  less  than  a  minority  carrier  diffusion  length. 
At  the  same  time  the  explanation  of  the  observed  or  (Ip.)  based  on  recombination  on 
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carriers  will  ijllluse  and  drill  to  me  coUector  rather  than  to  the  surlace. 

It  was  sugBesled  by  Oummel  (Rel. 
pooenta  ol  dc  onilttor  cerren,  (1  ,^,  .hat  is  >» 

information  than  measurements  of  Of  (Ij^).  m  gen  , 

current  gain  of, 


Then,  when  of  '  1, 


h  log  (1  -  Of) 
a  login 


“  j  _  i 

a  log  Ic  ”  " 


(1) 


(2) 


A  measurement  of  low-frc(|ucncy  ac  or 
showfl  m  =  3  even  up  to  a  ■■■■  0.999  as 


versus  Ip  ih  the  diffused  base  Ge  transistor 
shown  in  Fig.  17.  Gummel  found  that 


q^EB  . 

kT 


I^,(V,3)oce 


(3a) 
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and 

Ib(Veb)QC  (3b) 

nkT 

ao  that  0(1  j.  )  and  Ib(Vbb  )  are  connected  by  the  relation  between  the  nearly  constant 
exponents 


'  =1- JL. 

II 


m 


(4) 


3.2  EXPERIMENTAL 

The  measurements  were  made  on  transistors  clamped  to  a  constant  temperature 
block  (i  0.1“  C)  in  a  dark  box  flushed  with  dry  nitrogen.  Most  of  the  measurements 
were  made  at  30"C  =  T^.  The  transistors  were  Ge  mesa  units  (Refs.  11,12).  Most 
of  the  measurements  were  made  on  a  unit  designated  #1,  which  had  a  1x6  mil  al¬ 
loyed  Al  emitter  (1500-2500  A  Al).  a  1  micron  Sb  diffused  base  with  Cq  =  4x10^^  , 
and  a  2  fl-cm  p-type  collector  region  2.36x1 0'^  cm^  in  area.  Unit  #2  differed  in 
that  the  stripe  size  was  1.5x16  mil  and  the  collector  region,  10.7x10*^  cm^  in  area, 
consisted  of  3  microns  of  10  fi-cm  p-type  grown  epitaxially  on  a  0.001  C2-cm  p-type 
seed.  A  view  of  one  of  these  transistors  is  shown  In  Fig.  18. 

The  surface  cycle  generally  consisted  of  three  minutes  at  300'C  in  dry  hydro¬ 
gen  to  reach  the  low  /3  state,  three  minutes  in  60*C  deionized  circulating  water  to 
return  to  the  high  (i  state.  The  transistor  could  usually  be  measured  for  several 
days  In  either  state  with  drifts  of  =  10  per  cent,  which  were  small  compared  to  the 
order  of  magnitude  changes  observed  in  changing  the  state  of  the  surface.  The 


Fig.  18  -  View  of  dirfused-basc  germanium  tc.-inslslor  looking  down  iit  top 
of  mean  and  showing  central  emitter  stripe  and  two  base  stripes 


treatment  v/as  not  critical,  that  is  the  experimentally  observed  quantities  could  be 
shifted  in  the  desired  directions  by  adjustable  amounts  by  longer  or  successive  or 
shorter  washes  or  bakes  at  various  temperatures. 
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3.3  DISCUSSION  OF  THE  SURFACE  TREATMENT 

We  examine  first  what  the  surface  treatment  is  doing  to  the  Gc.  Several  cycles 
of  base  current  are  shown  in  Fig.  19.  It  appears  that  the  results  become  more  re¬ 
producible  after  a  few  cycles.  We  have  measured  the  resistance  between  base 
stripes  (R^ij)  on  transistors  with  attached  leads  with  the  result  shown  in  Fig.  20. 


Fig,  19  -  Collector  and  base  curronl  vs.  eniiltei'-bBSe  voltage 
for  consecutive  surface  treatments 
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Fig.  20  -  Buse-basoalripii  Ironslstor  roBlctunce  nnd  inuremenlal  a  for  conscduLlve  surface 
tronlmenlB  of  two  Iransletors  with  1.6x16  mil  stripes  nnd  2  n-ctr.  P-typo  collector  regions 
(a)  70  hours  at  room  tempernture  In  the  rnc.-iaurlng  box  with  dry- nitrogen  flushing 
nnd  (b)  20  hours  nt  room  tctnporaluru  in  room  u|r  about  40%  rclstivo  humidity 


Rbb  seen  to  increase  after  each  water  rinse  and  partially  to  recover  during  bak¬ 
ing.  The  transistor  gain  is  reversible  in  spite  of  the  irreversible  etching  of  the  Ge. 

We  conclude  that  when  we  wash  the  unit  in  water  containing  email  amounts  of 
oxygen,  we  dlseolve  oxide,  form  new  oxide,  dissolve  It,  and  reach  a  state  with  the 
unit  etched  siighUy  ..uU  covered  by  a  "wet  uxide!'  of  reproducible  thickness  probably 
about  30  A  (Ref.  13). 

In  this  discusBlon  we  will. be  Lnt6reated.in.tlie  density  of  recombination  centers 
(Nf)  at  the  oxide  -  Ge  interface  (Ref.  14)  and  in. the  surface  charge  residing  mainly 
on  and  in  the  oxide  (Refs.  14,16), 

When  we  subject  the  surface  to  dry  heat  we  assume  that  the  water  diffuses  out 
(Ref.  10).  We  will  find  that  the  surface  recombination  velocity  (S)  increases,  the 
surface  charge  becomes  more  positive,  and  that  N(  increases. 

We  show  next  that  dry  heat  increases  the  positive  charge  on  the  surface  of  our 
transistors.  This  is  shown  by  measurements  al.  the  collector  Junction.  We  have 
used  two  transistors  with  the  same  base  but  with  different  collector  regions  and  re¬ 
peated  the  experiment  on  similar  units.  Unit  #1  has  a  wide  2  R-cm  p-type  collector 
region.  Unit  #2  has  a  narrow  3  micron  10  R-cm  p  region  followed  by  a  p-f  region. 
When  the  surface  is  changed  from  wet  to  baked  (Fig,  21)  we  see  no  change  in  the  dif¬ 
ferential  collector  capacity  of  unit  #1.  However,  unit  #2  In  the  baked  state  shows  an 
increase  In  capacity  at  low  reverse  voltage.  The  Increase  disappears  at  voltages 
above  that  at  which  the  collector  space  charge  completely  occupies  the  lightly  doped 
region.  From  this  It  la  deduced  that  an  N  channel  (Ref.  17)  Is  formed  on  the  hlgh- 


5'  1 
.;  I 


I 


31 


COULSCrOR  JUNCTION  POTINTIil.  IN  APPLIBO  VtO.3  VOLTS 

FIr.  21  -  Collector  onpacit&nec  vs.  tuliil  Junollon  potential  for  n  surface  oycio 
(No.  1  has  2A-C1TI  p-t.vpe  collector.  No.  2  hits  JOA-cm 
p-cpllu.xial  on  p'*'.  Both  have  the  some  base  diffusion) 

resistivity  collector  region,  aa  ahown  schenistlcally  In  Fig.  22,  but  that  the  surface 
charge  Is  not  sufficient  to  Invert  2  n-cm  p-type. 

Using  the  calculations  of  Kingston  and  Neustadter  (Ref.  18}  to  obtain  the  surface 
charge  density  required  to  Invert  the  bulk  we  find  in  this  experiment: 

on  2  n-cm  p  Nj  '''  9xl0^°cm‘^ 
on  10  n-cm  p  Ng  >  2xl0^°cm‘*  . 


Fig.  22  -  Formation  of  n-lype  cliiumol  on  10  o-cm  p  -collcctor  region 
of  No.  2  In  the  baked  state 
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Fig.  2',i  -  Collector  Junction  reverse  current  vs. 
reverse  baae-eolleotor  voltage  (emitter  open) 


Next  we  examine  the  collector  reverse  current  (Iq^)  of  the  two  units.  In  Fig.  23 
we  see  that  the  current  has  been  Increased  at  all  voltages  by  baking  whether  or  not 
H  channel  l5  prescru.  Therefore,  we  conclude  that  baking  has  Increased  8. 

There  Is  considerable  evidence  that  dry  heating  of  Ge  causes  an  Increase  In  sur¬ 
face  recombination  velocity  {Refs.  16,19,20,21).  Recombination  traps,  or  fast  states, 
are  thought  to  be  associated  with  the  lack  of  perfection  at  the  oxide  -  Ge  Interface 
(Ref.  22).  Law  suggested  that  heating  removed  water  which  had  an  effect  on  the  Ge 
oxide  bond  (Ref.  23).  According  to  this  point  of  view  the  number  of  traps  la  changed 
by  heating.  In  addition  S  depends  on  the  surface  charge  (Ref.  24). 

We  measured  emitter  capacity  versus  reverse  voltage;  with  a  Boonton  Model 
74-C  capacitance  bridge,  before  and  after  dry  heat  on  several  transistors.  The  re¬ 
sults  shown  In  Fig.  24  for  unit  #1  show  a  step  junction  from  which  the  base  doping 
at  the  edge  of  the  emitter  space  charge  la  obtained  (Ref.  1).  A  significant  increase 
in  capacity  is  seen  in  the  baked  state,  corresponding  to  an  increase  in  effective  base 
doping  at  the  emitter  of  almost  10  per  cent.  Such  a  large  Increase  In  capacity  Is  not 
consistent  with  the  heavy  doping  of  the  case  at  the  emitter  junction.  The  change  of 
charge  seen  on  the  p-type  collector  is  insufficient  to  account  for  it,  if  we  assume  the 
surface  treatment  has  the  same  effect  on  all  surfaces,  since  the  charge  arising  from 
Ionized  surface  donor  states  will  be  smaller  on  n-lype  bulk  than  on  p-type.  In  the 
same  way  we  cannot  account  for  the  effect  of  baking  on  Rbt,  shown  in  Fig.  20.  To 
explain  those  results  we  must  assume  that  either  the  surface  of  the  base  Is  effec¬ 
tively  less  heavily  doped  than  the  base  under  the  emitter,  or  the  surface  charge  Is 
larger  at  the  emitter  than  at  the  collector. 

The  effect  of  the  surface  treatment  Is  summarized  schematically  In  Fig.  25.  In 
the  discussion  which  follows  we  shall  refer  to  the  two  states  of  the  surface  as  the 
"wet"  state  and  the  "baked"  state.  The  data  were  taken  In  several  cycles  and  com¬ 
pared  In  pairs. 
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I'lg.  2-1  -  Reciprocal  emitter  Junction  capacity  squared  vs.  reverse  emitter-base 
voltage  for  transistor  No.  I  In  a  surface  cycle 


WET  STATE 


BAKED  STATE 


KIg.  25  -  Surface  treatment  cycle 
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3.4  TRANSISTOR  CURRENTS  AS  A  FUNCTION  OF 

DC  base  and  collector  currents,  with  the  transistor  at  constant  temperature, 
were  measured  in  the  circuit  shown  in  Fig.  26.  The  circuit  noise  is  equivalent  to 
2  fiv  across  1000  ohms  at  the  input  to  the  dc  amplifier,  which  allows  us  to  measure 
currents  as  small  at  0.02  pa.  With  Veb  =  0.  the  base  current  flowing  into  the  base 
due  to  the  reverse  bias  on  the  collector  was  balanced  out.  Then  the  current  flowing 
out  of  the  base  due  to  forward  emitter  bias, 

was  obtained  as  shown  by  the  data  points  in  Fig.  27  for  transistor  #1,  for  two  states 
of  the  surface.  The  same  data  may  be  obtained  by  holding  Vqq  -  0.  in  which  case 
Ib  ~  ■'^EB  )  does  not  saturate  as  ideal  pn  Junction  theory  (Ref,  25)  would 

predict,  so  Vga  =  0  Is  the  only  voltage  at  which  we  may  balance  to  obtain  I3.  How¬ 
ever,  Ic(Veb  )  obeys  theory  and  we  may  balance  at  Veb  a  few  tenths  volt  nega¬ 
tive,  to  obtain  data  convenient  for  plotting  near  Veb  -  0. 


Fig.  26  -  Transistor  dc  nieasurliig  circuit 


IN  MICROAMPERES 


FiR.  27  -  Base  current  vs.  emitter-base  voltage  Fig.  28  -  Collector  current  vs.  emitter-base  voltage 
for  transistor  No.  1  in  different  states  measured  at  the  same  time  as  data  of  Fig.  27 

Solid  curves  are  Equation  (17)  Solid  line  is  The  low  voltage  deviations 

are  attributed  to  inaccuracy  in  balancing  out  Ico 
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At  high  forward  voltage  the  currents  deviate  from  simple  exponentials  due  to  « 

aeries  resistance  from  the  point  contacts  which  causes  the  measured  applied  volt¬ 
age  to  be  greater  than  the  internal  Veb-  The  relation  between  the  two  currents 
can  be  shown  to  continue  to  higher  voltage  by  measuring  1  -  o,  which  involves  the 
ratio  of  the  currents.  This  is  shown  in  Fig.  17,  where  small  signal  1  -  o  is  plotted 
versus  1^  and  the  slope  is  nearly  constant. 


Kig.  20  -  Base  current  vs.  reverse  emitter-base  voltoge  with  collector 
reverse  biased,  measured  In  the  same  cycle  as  data  of  Fig.  27 
Solid  IlnuB  ore  Equation  (16)  with  Vqb  "  niv 
(obtained  from  Fig.  24)  and  Vqs  “  0 
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The  base  current  for  negative  Is  shown  in  Fig.  29.  Although  Ic(-Veb  ) 
saturates,  does  not  saturate  and  Is  surface  dependent.  These  reverse 

currents  were  measured  at  the  same  time  as  the  forward  currents  shown  In  Fig.  27. 
Comparing  the  base  currents,  we  find  that  in  the  surface  cycle  forward  and  reverse 
currents  have  been  shifted  in  the  same  ratio. 

We  see,  therefore,  that  ideal  pn  junction  theory  seems  to  apply  to  the  collector 
current,  but  not  lo  tin-  Iwne  current.  The  base  current,  calculated  from  the  theory 

of  diffusion  and  recombination  in  the  bulk,  gives  Ig  a  exp  — which  is  not  ob¬ 
served  anyv.'hcrc  in  the  entire  operating  range  uf  the  transistor.  We  conclude  that 
the  bulk  base  current  in  these  Ge  transistors  is  small,  compared  to  the  surface  de¬ 
pendent  base  current. 
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Fig.  30  -  Base  current  ve.  reverse  emitter-base  voltage 
with  collector  open,  for  a  surface  cycle 


The  saturation  value  of  Ijg  is  given  hy  ideal  pn  Junction  theory  (Ref.  25). 
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where  Ieq  is  the  reverse  emitter-base  diode  current  with  collector  open.  In 
both  surface  states  Is  shown  in  Fig.  30.  Here,  one  sees  a  saturation  current  added 
to  the  surface  dependent  current.  From  &  comparison  of  Figs.  30  and  29,  we  con¬ 
clude  that  On  =  1  even  at  very  low  current, 


3.5  MODEL  OF  THE  BASE  CURRENT 

We  have  found  that  the  base  current  Is  surface  dependent  and  has  a  dependence 
on  emitter-base  voltage  similar  to  that  calculated  for  space-charge  recombination 
due  to  deep-lying  traps  (Ref.  4).  As  previously  noted,  volume  space-charge  recom¬ 
bination  Is  inconsistent  with  high  attainable  current  gains  such  as  those  shown  In 
Fig.  17. 

We  will,  therefore,  assunie  that  the  surface  dependent  base  current  arises  from 
recombination  or  generation  at  deep-lying  traps,  which  are  localized  at  the  oxlde- 
Ge  Interface  within  the  emitter  space-charge. 
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!  Fig.  31  -  Schematic  ropreaentallon  of  current  flow  under 

j  forward  bias  in  the  emitter-base  space-charge 

region  near  the  surface.  Ws  =  W|j  case 

CoiiHider  the  currents  flowing  across  the  p^n  emitter  junction  under  forward 
bias  as  shown  In  Fig.  31.  Near  the  surface,  the  hole  current  (Ipg)  is  in  part  re- 
:  combined  in  transit  across  the  space  charge  and  an  electron  current,  (I„a)  flows  in 

%  from  the  base  equal  to  the  hole  recombination  current.  Away  from  the  surface  the 

1';  hole  current,  (Ip),  flows  across  to  the  collector  without  significant  recombination 

loss  and  the  electron  current  (1^)  is  very  small  because  the  transistor  has  been  de¬ 
signed  to  give  an  emitter  efficiency  within  the  bulk  of  annroximatoly  unity. 

I  The  current  resulting  from  recombination  of  holes  and  eleutroiiB  via  surface 

L  traps  may  be  thought  of  as  flowing  Into  the  surface.  The  current  density  is 

I  J(x)  =  qU(x),  (9) 

I  i  where  U(x)  is  the  surface  recombination  rate  per  cm^  at  the  position  (x)  along  the 

I  p  space-charge  surface.  The  surface  current  is  then 


Ig»L 


% 

!  J(x)dx, 
0 


(10) 


where  L  =  Junction  perimeter  and  Wg  =  junction  width  at  the  surface. 

The  surface  recombination  rate  for  the  non-degenerate  case  is  given  by  (Refs. 
26,4,24) 
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assuming  a  single  trap  energy  Et.  Nt  c,, ,  (Ref.  19)  is  defined  as  the  surface 
recombination  velocity  in  a  highly  p-type  surface,  Nt  Cp  in  a  highly  N-type 

El 

and  the  notation  is  the  same  as  that  of  SNS  where  (x)  =  -  — ^  is  the 

«  q 

electrostatic  potential  andfp.j  and^i^  are  the  quasi-Fermi  potentials  all  at  the 
surface.  ®  ® 

Surface  recombination  velocity  may  be  defined  as: 


S  =  Nt(7  V 


(12) 


so  that 


and 


(13) 


NfV\/%  V  °  N,\/cpCn  (14) 

where  is  the  cross  section  for  electron  capture  in  a  highly  p-type  surface,  v  is 
thermal  velocity  for  electrons  and  holes,  and  Nt  is  the  density  of  surface  recombi* 
nation  centers  per  unit  area, 


Under  reverse  bias  U  changes  sign  and  expresses  the  generation  rate  of  elec¬ 
trons  or  holes  at  the  position  x.  o„  >  dp  within  the  space  charge  and  at  moderate 
reverse  bias  the  generation  rate  becomes  independent  of  voltage  and  position.  Then, 


1b(V  <  0)  =  Ir 


2  cosh 


Et-E, 


kT 


1  , 

c 


n 


kT 


(16) 


will  depend  on  the  reverse  voltage  through 


%  ^ 


2Kt„(V.., 


qN, 


1/2 


(16) 


in  the  case  of  a  step  junction,  where  V  =  Vf^,  V,,^  Is  the  junction  contact  potential 
at  the  surface,  Ng  Is  the  charge  per  unit  volume  at  the  surface  of  the  base  and  Kcq 
and  q  have  the  usual  meaning. 
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FIr.  32  -  (a)  Potonttals  at  tho  aurfaco  In  a  p'^n  Junction 
like  an  allayed  Al  emitter  on  an  n-typo  buao 
(b)  LInenr  potential  approxtmntlon 


Under  forward  bias  the  Integration  of  Equation  (10)  requires  a  detailed  knowl¬ 
edge  of  the  spatial  dependence  of  the  potential  and  of  the  carrier  concentrations  at 
the  surface.  We  will  do  the  Integration  to  obtain  the  surface  current  using  the  same 
approximate  method  described  by  9NS  for  the  volume  recombination  current.  The 
reader  Is  referred  to  their  paper  for  more  detailed  discussion  than  that  presented 
here.  In  Fig.  32(a)  la  shown  a  potential  diagram  of  a  p'''n  step  Junction  which  Is  like 
that  expected  for  an  alloyed  Al  emitter  Junction!  The  Imrefs  have  been  shown  to 
be  approximately  straight  across  the  space  charge  (Ref.  4).  In  Fig.  32(b)  Is  the 
approximation  to  the  potential  made  to  simplify  the  Integration  to  the  SNB  form. 

The  potential  Is  assumed  to  vary  linearly  with  distance  across  the  space  charge, 
and  the  crossover  at  which  electron  and  hole  concentrations  are  equal  la  taken  at 
'  the  center  of  the  space  charge. 

With  these  simplifying  assumptions  the  integration  gives 


2  8lnh 
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41 


where 


V 

2kT 


cosh 


kT 


V 

2kT 


cosh  Z 


and  1(b)  (Ref.  4)  Is  plotted  In  Fig.  33.  As  SNS  have  shown 


Ig  -  e 


qV 

nkT 


(18) 


where  1  <  n  <  2,  approaching  unity  as  the  quantity  E.-E./kT  In  .fiL  becomes 

^  Cp 

large  of  order  10. 

Two  conclusions  may  be  drawn  at  once  from  the  model. 

1.  The  observed  base  current  may  be  fitted. 

2.  The  fact  that  the  base  current  Is  observed  to  shift  parallel  to  Itself  In  the 
surface  cycle  says  that  it  is  the  trap  density  Ihat  is  being  changed  rather  than  the 
type  of  trap. 


Fig.  33  -  The  function  f(b) 
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3.6  COMPARISON  OF  EXPERIMENT  WITH  THEORY 

In  Fig.  27  the  solid  lines  are  the  forward  base  current  I3  given  by  Equation 
(17)  where  the  fit  has  been  chosen  at  Veb  =  60  niv  and  150  mv.  The  fit  to  the  ex¬ 
perimental  data  determines  the  magnitude  of  the  constants  B  and  Z  in  Equation  (17). 
For  both  curves  for  this  transistor 


cosh  Z  =  3.0.  (19) 

In  order  to  estimate  the  surface  recombination  velocity  factor,  Nt  \JCpCn  >  we  will 
assume  that  L  is  the  perimeter  of  the  1x6  mil  emitter,  L  =  3.56  x  cm,  and 
Ns  ~  %  1  average  base  doping  within  the  emitter -barrier  volume,  which  from 
Fig.  24  is  approximately  3.2  x  10^^  cm'^.  Using 

n,  ^  2.5  X  10'^  cm'^ 

K  =16 

=  8.85  X  10'^^  farads/cm 
q  =  1.6  X  10*^®  coulombs 

=  0,026  volts 

we  obtain 

N(  ^CpCn  ("wet"  state)  =  3,4  x  10*’  cm./sec 
Nt  ^CpCn  ("baked"  stale)  =  7.5  x  10*’  cm/sec. 

We  examine  this  result  in  the  discussion  section. 

According  to  the  theory  the  same  two  parameters  for  each  state  uniquely  deter¬ 
mine  the  reverse  current  arising  from  space-charge  generation  at  -V].g  »  . 

The  solid  lines  in  Fig,  29  have  been  calculated  from  Equation  (15)  using  the  above 
parameters,  and  agreement  is  found  from  0.1  to  0.0  volt,  with  the  current  propor¬ 
tional  tc  V 1/^  not  (V+^(,^•/2. 

This  result  is  unexpected.  Channel  theory  (Ref.  27)  does  not  predict  a  slope  as 
large  as  Diffusion  current  would  tend  to  saturate  and  can  be  shown  to  give  a 

negligible  contribution,  A  shunt  resistance  gives  a  slope  and  is  easily  recognized 
as  a  hump  in  the  forward  direction  at  low  currents,  Furthermore,  the  magnitude  of 
the  current  as  well  as  the  slope  is  given  by  .  The  currents  are  well  above  the 
noise  In  this  measurement.  A  slope  of  Igl'Vgg  )  Is  obtained  Independent  of  re¬ 
verse  collector  bias.  It  is  seen  repeatedly  on  different  units  and  over  a  range  of 
temperature  (Fig.  38).  Above  0.6  volt,  multiplication  dominates  in  those  heavily 
doped  Junctions  which  accounts  tor  the  deviation  of  the  experimental  current  above 
the  Vl/2  slope. 
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KIg.  3‘l  -  Collector  current  vb.  emlttcr-buse  voltiige  and  temperature 
for  a  vucuui.i  encflpauintod  trnnBlator  of  typo  No.  2 

’’nder  reverse  bias  the  generation  rate  and  therefore  the  current  does  not  de¬ 
pend  on  the  surface  potential.  Therefore,  the  shift  in  the  current  when  the  state  of 
the  surface  is  changed  must  be  due  to  a  shift  in  the  surface  recombination  velocity 
parameter.  Taking  into  consideration  the  fact  that  the  slope  of  the  current  under 
forward  bias  does  not  change  in  the  shift  (cosh  Z  ^  const,)  we  conclude  that  only  the 
number  of  fast  states,  Nj,  changes. 

We  show  next  that  the  theory  predicts  the  temperature  dependence  of  the  for¬ 
ward  base  current.  For  this  experiment  we  used  a  vacuum  encapsulated  unit 
similar  to  unit  #2.  This  sealed  unit  was  used  so  It  could  conveniently  be  Immersed 
In  a  cooling  bath.  In  Figs.  34  and  35  are  shown  the  and  Igcurrent  data.  We  see 
that,  as  the  temperature  is  lowered,  becomes  smaller  than  Ig  a  result  contrary 
to  ideal  PN  junction  theory.  At  the  lower  temperatures 

n(T)  =  const.  =  1.55  ±  .01  . 


At  moderately  large  forward  voltage  we  can  write  Equation  (17)  In  the  form 


Vje  IN  MILLIVOLTS 


Fig.  35  -  Base  current  vs.  emitter-base  voltage  and  temperature 
measured  at  the  same  time  ns  the  data  of  Fig.  34 
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assuming  that  the  temperature  enters  only  In  v  ct  T  Then 


In  =  Const.  T^e 
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(24) 


From  the  data  shown  in  Fig.  35,  we  plot  log  versus  in  Fig.  36  at  two  volt¬ 
ages  and  obtain 


Ego  =  2 


^act  -  — 


0.766  ev  (Vgg  =  200  mv) 
0.778  ev  (Vj-B  =  250  mv) 


(25) 


in  good  agreement  with  Eg^  =  0,785  ev  (Ref.  28).  In  the  same  way  it  can  be  shown 
that  the  collector  current,  unlike  the  base  current,  has  a  temperature  dependence 
given  by  ideal  pn  junction  theory. 


FIb-  36  -  Tempuraturo  depuntlence  of  base  current 
under  iorwartl  .and  reverse  bins 
(The  upper  points  Jirc  200  inv  and  2r)0  mv  dntn 
from  Fig.  35.  The  lower  points  .are  from  the 
Vl/2  portion  of  the  cuivcs  of  Figs.  37  &  3S) 


47 


The  temperature  dependence  of  the  reverse  current  may  be  used  to  obtain  the 
energy  of  the  recombination  generation  centers.  (Ref.  4).  These  data  were  obtained 
on  unit  #1  as  shown  In  Fig.  37.  Similar  data  (Fig.  38)  were  taken  on  a  vacuum  en¬ 
capsulated  unit  of  the  same  type  as  #2.  The  two  units  give  nearly  the  same  activation 
energy  even  though  one  Is  open  and  the  other  has  been  vacuum  baked  and  sealed. 
Rqiiation  (15)  gives,  for  the  activation  energy', 


^aci  “  ■  log  e 


8  — 
T 


2 


+  (E{-Ej)  tanh  Z, 


(26) 


where  tanh  Z  =  ±1  (Appendix  I).  From  the  data  plotted  in  Fig.  36  we  obtain 

Ej  -  E,  =  +  80  mv  (27) 


which  is  similar  to  values  previously  reported  for  surface  recombination  centers  In 
Ge  (Refs,  20,30,31).  Equations  (19,26  and  27)  then  give  (Appendix  I) 


il 


=  1.5x10'^  . 


(28) 


Such  large  Cp/Cp  have  been  reported  in  the  literature  (Ref.  29), 

To  summarize,  we  have  found  that  the  base  current  with  forward  and  reverse 
;  emitter-base  voltage  Is  entirely  surface  current  at  and  below  room  temperature  in 

the  heavily  doped  emitter-base  configuration  of  thesu  Ge  transistors.  We  have  found 
quantitative  agreement  with  the  theoretical  voltage  and  temperature  dependence  of  . 
the  forward  base  current  and  have  shown  that  and  )  were  related 

1  as  predicted  by  the  surface  model. 

:  However,  we  have  found  that  Ib(‘Veb  )  increases  as  which  the  model  does 

'  not  predict.  Also,  with  the  assumption  that  the  junction  width  at  the  surface  Is  the 

I  same  as  in  the  bulk,  we  have  obtained  larger  values  of  the  surface  recombination 

velocity  factor,  Nj  ^CpCn. 

3.7  MODIHED  MODEL 


The  two  points  of  disagreement  between  theory  and  experiment  suggest  that  the 
surface  of  the  transistor  In  the  vicinity  of  the  emitter  junction  is  effectively  lightly 
doped  so  that  the  space  charge  is  wider  at  the  surface  than  within  the  bulk  and  the 
contact  potential,  V^g  <  50  mv  under  reverse  bias. 

II  will  be  assumed  that  when  a  fresh  oxide  is  formed  in  the  fringing  electric 
field  of  the  junction,  a  charge  configuration  forms  on  the  oxide  (Refs.  32,  33)  In  such 
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Kl^.  39  -  Modul  of  umilli!r  biuTler  at  the  surface,  both  edges 
depleted  such  that  Wg  >  Wg  and  Vq  0 


a  way  as  to  screen  the  electric  field  near  the  surface  (Fig.  39).  The  Junction  at  the 
surface  with  no  applied  bias  is  then  like  that  between  p  and  n  regions  both  lightly  doped. 

Under  reverse  bias,  the  Junction  at  the  surface  widens  mainly  Into  the  base  side 
giving  a  (V+Vos)  surface  current  dependence  with  Vos  «„V.  Under  forward  bias 
the  Junction  at  the  surface  narrows  rapidly  at  first  then  more  slowly  as  the  array  of 
Screening  charge  is  left  behind  and  decays.  The  forward  base  current  is  not  sensitive 
to  this  (VoB  -V)  voltage  dependence  because  of  the  presence  of  factors  exponential 
with  voltage, 

As  evidence  of  this  depletion  at  the  surface  Junction  edges  we  note  the  large 
change  In  emitter  Junction  capacitance  wnlcn  occurs  when  the  surface  charge  Is 
changed  (Fig.  24)  which,  as  discussed  previously,  appears  Inconsistent  wltli  a  heav¬ 
ily  doped  base  surface, 


3.8  DISCUSSION 

The  results  presented  here  on  Qe  mesa  translators  are  believed  to  apply  with 
considerable  generality  to  Oe  high  frequency  high  gain  translators  which  differ  in 
details  of  geometry,  doping,  etching,  and  encapsulation,  because  n  =  1.5  Is  generally 
observed  on  these  transistors,  as  shown  In  Table  3-1. 

The  traps  which  are  seen  may  be  characteristic  of  an  ordinary  oxidized  Ge  sur¬ 
face.  Since  a  range  of  different  surface  treatments  has  relatively  little  effect  on 
a(lp).  It  would  seem  that  the  traps  are  associated  with  the  Ge-oxide  bond  structure. 
The'role  of  water  may  be  to  deactivate  the  trap  by  shifting  Its  energy  out  of  the  Ge 
energy  gap  (Ref.  16). 

The  Increase  of  Interface  traps,  or  fast  states,  on  Qe  after  elevated  temperature 
treatment  has  been  attributed  to  oxidation  (Hef.  32).  Heating  before  field  effect  stud- 
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Table  3-1 

COMPARISON  OF  A  SMALL  SAMPLE  OF  GERMANIUM 
TRANSISTOR  TYPES 


Germanium 

Type 

Cutoff* 

Frequency 

Gain  =  — ■ — 

aIb 

n 

pnp  DUfuaed  Base 

500  me 

150 

1.6 

pnp  Microalloyed 

ISO 

15 

1.4 

pnp  Post  AHoy-Dlffuaed 

340 

100 

1.3 

npn  Mesa 

250 

80 

1.6 

npn  Mesa 

470 

160 

1.6 

*From  extrapolation  of  100  mo  gain  mcasuromont  ul  Ig  °  I  ma. 
^Al  Ic  =  I  ma. 


iee  of  Ge  is  usually  done  In  air  (Ref.  20,21)  or  oxygen  (Ref.  16).  The  surface  recom¬ 
bination  velocity  Is  found  to  increase  (Refs.  16,20)  and  the  surface  found  to  be  n-type 
(Ref.  1C).  However,  heating  in  vacuum  also  Increases  S  (Refs.  19,34). 

In  the  preaeiu  experiments  healing  is  done  In  deoxygenated  hydrogen.  We  know 
that  oxidation  is  not  occurring  to  an  appreciable  extent  during  heating  because  the 
change  in  sheet  resistance  of  a  thin  layer  is  nearly  the  same  for  a  wash -bake -wash 
cycle  as  for  a  wash-wash  cycle  as  seen  in  Fig.  20.  We  conclude  that  it  is  the  baking 
accompanied  by  water  removal  rather  than  oxidation  which  Increases  fast  state 
density. 

The  values  of  Nj  VcnCn  which  are  estimated  from  me  fit  of  theory  with  experi¬ 
ment  are  in  the  10®  -  10'  cm/sec.  range  for  the  currents  In  Fig.  27.  They  may  be 
compared  with  values  of  10^  - 10®  cm/sec.  obtained  from  field  effect  on  hlgh-resis- 
tlvlty  Gc  (Refs.  34,35).  Although  the  present  values  are  for  a  particular  case,  we 
encounter  similar  results  with  other  transistors.  We  have  already  pointed  out  that 
our  assumed  value  of  space-charge  width  at  the  surface  (Wg)  is  probably  too  small. 
In  addition  we  have  taken  the  perimeter  of  the  space  charge  (L)  to  be  the  nominal 
dimensions  of  the  emitter.  This  may  be  too  small  also.  If  the  emitter  regrowth  edge 
is  "wrinkled"  appreciably.  Thus,  we  may  have  overestimated  S  a,  (LWg)'^,  How¬ 
ever,  the  large  values  of  surface  recombination  velocity  may  have  some  validity 
because  of  the  fact  that  the  emitter  junction  Is  between  very  heavily  doped  regions 
and  only  a  lew  hundred  angstroms  from  an  AUGe  eutectic  region. 

Equation  (17)  was  obtained  by  using  the  recombination  rate  expression  for  a 
single  trap  and  assuming  that  the  potential  at  the  surface  is  such  that  the  maximum 
of  the  recombination  rate  occurs  midway  across  the  space  charge.  These  assump¬ 
tions  give  a  dependence  of  forward  base  current  on  voltage  and  tempera'^ure  which 


so¬ 


la  in  agreement  with  experiment.  Also,  at  moderate  reverse  bias,  the  assumption 
concerning  (x)  is  not  involved  in  the  calculation  of  the  reverse  current  and  we 
find  that  the  magnitude  of  the  reverse  current  is  given  by  the  constant — B  ■ 

COSH  La 


obtained  from  the  forward  current. 


Fig.  40  -  Current  VB.emltter-bose  voltage  for 
an  out-clirruscd  transistor  ol  type  No.  l 


In  Fig.  40  are  shown  the  current  voltage  curves  for  a  transistor  similar  to  unit 
#1  except  that  the  surface  concentration  of  the  base  has  been  depleted  by  out-diffu¬ 
sion.  This  was  first  observed  by  Gummel.  The  shape  of  the  curve  is  interpreted 
as  being  due  to  a  large  decrease  in  emitter  space  charge  width  with  increased  for¬ 
ward  bias  resulting  from  the  lower  donor  concentration  near  the  surface. 

Certain  calculations  are  changed  by  the  preceding  results.  In  these  transistors 
current  gain,  a,  cannot  be  obtained  from  emitter  efficiency,  y,  calculated  from  dop¬ 
ing.  The  Ebcrs-Moll  relations  between  currents  do  not  apply.  Base  resistance  at 
low  frequencies  must  be  calculated  for  base  current  flow  primarily  into  the  emitter 
edges. 
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3.9  SUMMARY 

The  base  current  in  high-frequency  germanium  diffused -base  transistors  has  a 
dependence  on  emitter-base  voltage  and  on  temperature  which  is  shown  to  be  in 
quantitative  agreement  with  the  theory  of  recombination  at  traps  within  the  emitter 
space  charge,  with  energy  near  the  mid-gap.  However,  as  pointed  out  by  Moll,  the 
trap  density  required  in  this  model  is  so  high  that  a  homogeneous  distribution  of 
such  traps  in  the  base  region  near  the  emitter  barrier  is  inconsistent  with  the  high 
gain  observed. 

The  base  current  is  also  found  to  be  strongly  surface  dependent.  Common  emit¬ 
ter  current  gain  can  be  cycled  repeatedly  such  that  it  changes  by  factors  of  order 
ten.  Washing  in  water  is  used  to  decrease  base  current,  baking  in  dry  hydrogen  to 
increase  it.  The  base  current  under  reveiBe  eniilter-base  voltage  shows  quantita¬ 
tively  the  same  surface  dependence  as  that  seen  under  forward  bias. 

These  results  suggest  that  base  current  in  these  transistors  is  dominated  by 
recombination  at  surface  traps  within  the  emitter  space  charge.  A  contribution  to 
the  base  current  in  silicon  transistors  arising  in  a  similar  way  has  been  suggest¬ 
ed  by  Sah. 

The  data  suggest  that  the  emitter  at  the  surface  at  equilibrium,  has  a  configura¬ 
tion  like  a  Junction  between  p  and  n  regions  both  lightly  doped  and  tliat  surface  re¬ 
combination  velocity  is  high. 

The  single-trap  approximation  gives  a  trap  80  niv  from  the  mid-gap.  The  traps 
are  thought  to  be  characteristic  of  the  Ge>Gc  oxide  interface  and  to  be  deactivated 
by  tiie  presence  of  water. 

When  a  transistor  which  has  been  washed  In  water  is  later  baked  In  hydrogen, 
the  same  trap  persists,  Ha  density  increases,  and  the  surface  positive  charge  also 
Increases. 

Collector  current  depends  on  emitter-base  voltage  and  temperature  as  expected 
from  ideal  pn  Junction  theory  and  Is  nearly  Independent  of  surface  treatment.  The 
different  dependence  of  base  and  collector  current  on  emitter-base  voltage  retsults 
in  the  well-known  dependence  of  common  emitter  current  gain  on  current,  The  mod¬ 
el  Is  believed  to  apply  to  germanium  high-frequency,  high-gain  transistors  which 

show  Ig  a  exp 
with  diffused  base  layers. 


which  Included  virtually  all  currently  available  types 
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APPENDIX  I 


From  Equations  (15)  and  (22), 


where 


Ij^(T)  =  Const  t2 


2kT 


cosh  Z(T)  ’ 


Z  = 


In 


Ego 

2kT 


-  In  cosh  Z 


Ego 

+  +  (Et  -  Ej)  tanh  Z 


assuming  E^  -  E^  and  functions  of  T.  From  Equation  (19),  Z  =  ±1.76 

and  tanh  Z  =  ±0.942 


5!2 

®act  "  o 

^t-E,=  -- t^-z- 


0.317  -  0.392 
±0.942 


=  +0.0796 


±Z 


+ 


kT 


=  1.51x10'^  . 
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65 


n 


Cp  >  c„  , 


then 


Et>  E, 


l.e.,  is  0.28  v  from  the  conduction  band  at  room  temperature. 


TASK  9  -  FUNCTIONAL  DEVICES  AND  INTEGRATED  CIRCUITS 


Chapter  4 

STATUS  OF  THE  MULTIPLE  DIODE  AGING  PROGRAM 
By  G.  A.  Dodeon 


4.1  INTRODUCTION 

In  earlier  repurte  (Hefe.  1,2),  a  multiple  diude  was  described  which  cunsists  uf 
six  computer-type  diodes  fabricated  on  one  wafer  and  encapsulated  in  an  elght-pln 
type  4  header.  It  was  designed  as  an  experimental  device  which  could  be  used  in  any 
circuit  which  required  individual  connections  to  multiple  diodes  sharing  a  common 
output. 

After  the  feasibility  stage  it  was  decided  to  fabricate  this  device  and  test  Its 
reliability  by  accelerated  aging  techniques  Including  step-stress  aging  (Ref.  3) . 

Two  hundred  of  these  test  devices  have  been  prepared  and  are  now  being  aged. 
This  report  presents  the  aging  results  to  date. 


1.2  TEST  DEVICES 

These  multiple  diodes  were  produced  over  a  period  of  several  weeks,  In  which 
time  a  few  minor  process  changes  were  necessary.  In  order  to  prevent  any  manu¬ 
facturing  differences  from  influencing  the  aging  results  the  complete  group  of  two 
hundred  units  were  randomized.  The  devices  were  then  divided  Into  twelve  groups 
of  sixteen  eacii. 


4.3  THERMAL  AGING 

The  thermal  aging  results  to  date  are  summarized  graphically  in  Fig.  41.  The 
solid  data  point  represents  completed  data,  the  open  data  points  are  the  results  of 
extrapolations  based  on  the  data  presently  available  from  these  groups. 

A  typical  failure  distribution  for  the  multiple  diodes  Is  shown  in  Fig.  42.  The 
distribution  can  be  seen  to  be  divided  into  two  parts.  The  first  part  consists  of 
about  10  per  cent  freaks  which  show  a  wide  spread  and  a  low  tolerance  to  thermal 
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TlMH  m  HOUU 


Fig.  41  ‘  Temperature  Acceleration  curve  for  multiple  dlodea 

PNOaiTS 


Pin  CENT  FAILUPES 


Fig.  42  -  Failure  cUstrlbutlon  for  the  multiple  diodea 
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stress.  The  remaining  90  per  cent,  the  main  distribution,  show  a  much  narrower 
spread  indicating  a  high  degree  of  uniformity,  The  main  distribution  shows  an 
excellent  tolerance  to  thermal  stress  as  indicated  by  a  median  failure  time  of  200 
hours  at  350'C.  In  both  parts  of  the  distribution  an  in-can  correlation  of  failures, 
as  reported  earlier  (Ref.  4),  was  observed. 


4.4  POWER  AGING 

A  twenty  four  hour  power  step  stress  run  did  not  cause  50  per  cent  failures  until 
the  600  mw  level  (3.6  watts  per  encapsulation),  at  which  time  most  of  the  failures 
were  caused  by  open  circuits  due  to  burned  out  leads  inside  the  encapsulation.  Further 
aging  tests  are  being  carried  out  at  longer  times  and/or  lower  power  levels  to  obtain 
failures  attributable  to  p-n  Junction  degradation. 


4.5  TEMPERATURE  AND  REVERSE  BIAS 

A  group  of  units  placed  on  aging  at  126° C  with  9  volts  reverse  bias  have  shown 
no  drifts  In  248  hours  of  aging. 


4.6  SUMMARY 

The  reliability  study  of  multiple  diodes  is  now  underv/ay.  Present  data  Indicate 
that  the  bulk  of  multiple  diodes  are  remarkably  uniform  with,  however,  an  appreciable 
number  ('^10  per  cent)  of  freaks.  These  diodes  show  a  high  tolerance  to  thermal  and 
power  stress. 
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Chapter  5 


INTEGRATED  SEMICONDUCTOR  CIRCUITS 
By  J.  M.  Goldey 


5.1  INTRODUCTION 

The  primary  reasons  which  have  been  advanced  for  the  use  of  Integrated  circuits 
are  lower  systems  cost,  Improved  systems  performance  and  higher  systems  relia¬ 
bility.  In  this  chapter  these  “whys"  of  Integrated  circuits  will  be  translated  Into 
"whats"  and  "hows". 

The  problems  will  be  discussed  In  relation  to  several  specific  circuits,  in  par¬ 
ticular  a  low-level  logic  gate  (Ref.  1),  This  discussion  leads  to  the  suggestion  that 
in  a  wide  variety  of  digital  systems,  multiple  devices  and  common  encapsulations 
of  different  device  types  go  a  long  way  toward  meeting  the  objectives  sought  by  the 
use  of  Integrated  circuits. 


6.2  DISCUSSION 

One  approach  to  Integrated  circuits  that  has  been  suggested  Is  to  use  devices 
which  perform  functions  more  complex  than  those  that  can  be  achieved  in  individual 
present  day  devices  such  as  diodes,  transistors,  etc.  When  devices  of  this  type  be¬ 
come  available.  Ihey.wlll  most  certainly  find  wide  application.  However,  since 
they  are  not  generally  available  today,  they  do  not  provide  the  means  by  which  the 
expected  benefits  can  be  realized. 

It  has  also  been  suggested  that  the  right  approach  Is  integration  of  a  small 
number  of  standard  Boolean  circuits  from  which  a  variety  of  systems  could  and 
would  be  built.  This  approach  Is  different  from  that  mentioned  above  in  that  It  can 
be  done  today.  This  fact  In  itself,  however,  does  not  justify  Its  use.  Such  an  ap¬ 
proach  ha.s  a  number  of  disadvantages.  If  the  building  blocks  are  designed  to  render 
the  highest  performance  In  terms  of  gain  and  speed  needed  In  the  system  then  the 
use  of  these  blocks  In  other  parts  of  the  system  may  be  wasteful.  If  lower  perform¬ 
ance  building  blocks  are  chosen,  on  the  other  hand,  then  It  may  be  necessary  to  use 
several  of  these  to  perform  a  function  that  could  have  been  (k)ne  with  a  single  high 
performance  circuit.  An  additional  argument  against  the  use  of  standard  building 
blocks  Is  based  on  the  fact  that  many  subsystem  functions  can  be  built  with  far  fewer 
cuiiipuiients  if  they  are  designed  directly. 

In  a  recent  paper,  Rice  (Ref.  2)  has  given  an  example  of  the  difficulties  Involved 
when  one  attempts  to  build  an  electronic  computer  from  a  few  basic  building  blocks. 
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The  original  objective  was  to  design  the  bulk  of  the  logic  circuits  for  the  computer 
using  eight  standard  Boolean  circuit  packages.  V/hen  the  drawings  were  turned  over 
to  the  manufacturing  area,  there  were,  however,  486  instead  of  eight  circuit  packages. 
Although  the  system  could  easily  have  been  built  using  the  eight  packages,  it  had 
better  performance  at  lower  cost  by  using  the  486  circuits  than  it  would  have  had 
with  8.  We  may  conclude  that,  at  least  for  many  systems,  the  use  of  a  small  number 
of  standard  Boolean  circuits  as  building  blocks,  integrated  or  not,  is  not  the  correct 
approach. 

Before  proceedLng  further,  let  us  consider  what  is  really  needed  in  order  to 
meet  the  objectives  of  lower  systems  cost,  improved  systems  performance,  and 
higher  systems  reliability. 

From  the  systems  point  of  view,  flexibility  must  be  maintained  to  permit  op¬ 
timum  design,  to  a  given  performance,  if  cost  reduction  is  to  result.  This  is  almost 
a  truism,  yet  still  not  recognized  by  many.  For  if  standardization  on  a  relatively 
small  number  of  specific  building  blocks  does  anything,  it  takes  away  the  flexibility 
of  design  so  vital  to  the  systems  designer. 

Svstem  performance  is,  of  course,  determined  to  a  large  degree  by  device 
performance  and,  in  addition,  optimization  requires  clever  circuit  design  as  well. 

In  most  systems  there  are  a  number  of  special  circuits  which  require  pairs  or 
larger  multiples  of  like  devices  with  closely  matched  characteristics  over  wide 
temperature  ranges.  Thus  schemes  of  integration  which  provide  devices  with  such 
characteristics  will  lead  to  better  system  performance  at  lower  cost.  Several  ex¬ 
amples  are  described  below. 

Systems  reliability  is  determined  by  device  reliability  and  by  the  margins  and 
redundancy  incorporated  into  the  design.  Any  integration  technique,  to  be  useful, 
must  provide  reliability  at  least  equal  to  and  preferably  better  than  that  which  can 
be  obtained  by  the  use  of  conventional  individual  components.  Of  nearly  equal  im¬ 
portance  is  the  development  of  reliability  evaluation  techniques  such  as  stress  aging 
which  provide  information  on  failure  laws  and  on  the  correlation  of  failures  of  dif¬ 
ferent  devices  with  usage.  Such  data  will  lead  to  improved  systems  reliability 
because  it  will  provide  the  system  designer  information  which  will  permit  him  to 
optimize  his  design  from  margin  and  redundancy  considerations. 

From  the  viewpoint  of  the  device  designer,  flexibility  must  also  be  maintained 
in  order  to  enable  him  to  take  advantage  rapidly  of  important  advances  in  technology. 

If  device  manufacturing  costs  are  to  be  reduced,  the  use  of  processes  which  are  not 
excessively  difficult  to  control  is  an  important  factor. 

Let  us  now  consider  a  few  examples  of  integrated  circuits  which  are  with  us 
today.  They  are  not  sophisticated,  but  they  are,  nevertheless,  useful,  relatively 
inexpensive,  and  highly  reliable. 

As  a  first  example  consider  a  parallel  combination  of  silicon  computer  diodes 
(Ref.  3).  This  multiple  diode  is  illustrated  in  Fig.  43.  A  group  of  six  diodes  with 
one  side  common  is  fabricated  on  a  common  substrate  and  bonded  to  a  header.  Lead 
v/ires  are  attached,  by  thermocompression  bonding  in  this  case,  to  the  individual 
diodes  and  the  external  lead  wires.  The  fabrication  procedure  for  these  diodes  is 
essentially  identical  to  that  for  single  diodes  of  the  same  type.  The  only  differences 
are  that  the  die  includes  six  diodes  rather  than  one  and  that  a  large  central  mesa  is 
included  so  that  header  bonding  may  be  accomplished  without  contacting  any  of  the 
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Fig.  43  -  Multiple  diode.  This  illustrates  a  multiple  of  six  silicon  computer  diodes 
fabricated  on  a  common  substrate.  Lead  wires  are  thermocompression  bonded 
to  the  mesas  and  to  the  external  leads  of  the  eight-pin  header.  The  larger 
mesa  in  the  center  is  used  only  in  bonding  the  wafer  to  the  header 

electrically  active  regions.  A  major  advantage  lies  in  the  use  of  a  single  header 
which  one  expects  to  lead  to  lower  costs.  In  order  to  realize  this  benefit,  however, 
a  satisfactorily  high  yield  must  be  achieved.  Laboratory  results  (Ref.  4)  have  shown 
that  this  can  be  the  case  and,  more  specifically,  that  the  yields  are  much  higher  than 
would  be  expected  if  dropouts  were  statistically  independent.  For  statistical  inde¬ 
pendence  of  dropouts,  the  yield  of  a  multiple  of  six  diodes  would  be  equal  to  m  yield 
of  the  diodes  tested  individually  raised  to  the  sixth  power.  Actual  yields  on  the  above 
multiple  diodes  (6  out  of  6)  have  run  about  Y^.  The  reasons  for  this  improvement 
are  clear.  The  diodes  in  the  multiple  are  immediately  adjacent  to  one  another 
through  all  stages  of  fabrication  and  thus  receive  common  processing  throughout 
manufacture.  Furthermore,  some  of  the  major  factors  controlling  yield  are  functions 
of  the  encapsulation  process  and  not  of  the  individual  diode. 

Results  of  stress  aging  of  these  diodes  have  been  described  recently  by  Howard 
and  Hare  (Ref.  5).  The  important  results  of  that  report  were  that: 

(1)  The  reliability'  of  multiple  diodes  is  approximately  equal  to  that  of  single 
diodes  of  the  same  type. 

(2)  That  all  diodes  within  a  common  encapsulation  fail  at  essentially  the  same 
stress  level. 
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(3)  That  failure,  when  it  does  occur,  is  most  likely  caused  by  contamination 
arising  from  the  can  itself. 

These  results  imply  that  no  reliability  penalty  is  incurred  and  that  the  oppor¬ 
tunity  for  a  systems  reliability  improvement  is  present. 


Fig.  44  -  Diode  bridge  circuit.  When  used  as  a  modulator  the 
performance  of  this  circuit  is  determined  by  the  matcl)  of 
the  forward  characteristics  of  diodes  A  and  D  and  of  B  and  C. 
Values  of  match  in  forward  voltage  required  vary  from 
0.1  mv  to  100  mv  depending  on  the  application. 


Another  diode  example  is  in  order.  Fig.  44  shows  a  bridge  circuit  v/hich  is 
commonly  used  as  a  modulator.  The  performance  of  this  circuit  is  determined  by 
the  closeness  of  the  match  between  the  forward  characteristics  of  the  diode  pairs. 

It  has  been  common  practice  for  several  years  now  for  device  manufacturers  to  make 
individual  diodes  and  then  to  search  for  matching  pairs  by  the  very  laborious  method 
of  measuring  and  cataloguing  large  numbers  of  diodes.  Once  found,  matching  pairs 
are  packaged  together  as  a  unit.  Currently,  laboratory  made  multiple  diodes  are 
being  evaluated  for  suitability  as  elements  in  bridge  circuits.  Preliminary  results, 
based  on  a  sample  of  100  cans,  six  diodes  per  can  are  as  follows.  For  a  random 
choice  of  two  diodes  per  can,  the  median  difference  in  forward  voltage  is  4.3  mv 
and  88  per  cent  of  the  pairs  have  a  difference  of  less  than  10  mv.  For  the  best 
matched  pair  in  each  can,  the  median  difference  is  0.35  mv  in  forward  voltage; 

100  per  cent  of  the  pairs  are  matched  to  10  mv  and  82  per  cent  to  1  mv.  In  addition 
to  the  close  match  at  room  temperature,  a  good  match  over  a  wide  temperature 
range  is  expected  because  of  the  intimate  thermal  contact  between  the  diodes  of 
the  pair. 

The  usefulness  of  multiple  devices  is  by  no  means  restricted  to  single  junction 
diodes.  As  another  example  consider  transistors,  which  are  already  being  packaged 
as  multiples  in  a  variety  of  configurations.  Several  examples  are  shown  in  Fig.  45 
including  an  "or"gate  where  both  emitters  and  collectors  are  tied  together,  a  chopper 
where  collectors  are  tied  together  and  a  differential  amplifier  w'here  ail  leads  are 
brought  out  independently.  In  most  of  these  configuratio,....,  the  closer  matched  the 
characteristics  of  the  two  transistors,  the  higher  the  performance  of  the  circuit. 
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(a)  'or'  gate 


(b)  chopper  (c)  differential,  amplifier 


Fig.  48  -  Translator  multiptos.  (fl)  "OR"  gate  common  to  many  logic  circuits. 
The  emitters  iind  collectors  of  the  two  transistors  are  conneoted 
together  while  the  bnse  leads  are  separate. 

(b)  Chopper  used  to  convert  do  to  ac.  In  this  case  the  collectors  are 
co.mnion  while  bulli  emitters  nnri  hnses  arc  brought  out  separately. 

(c)  Differential  amplifier  where  all  lends  are  brought  out  independently. 


Improved  performance  at  lower  cost  results  by  using  two  transistors  fabricated 
together  and  mounted  in  the  same  package. 

The  pnpn  diode,  one  of  the  few  devices  currently  available,  incidentally,  which 
performs  a  complex  function  directly,  will  serve  as  a  final  Illustration  of  the  mul¬ 
tiple  device.  In  one  type  of  electronic  switching  systein  under  development,  switch¬ 
ing  Is  carried  out  on  a  time  division  basis,  In  such  a  system,  high  speed,  low  loss 
switching  elements  are  needed  as  gates.  An  attractive  solution  consists  of  a  pair 
of  pnpn  diodes  connected  as  shown  in  Fig.  46.  Since  the  diode  pair  always  appears 
In  the  same  configuration,  they  can  be  fabricated  In  a  common  encapsulation  to  re¬ 
duce  the  number  of  cans,  thus  hopefully  reducing  the  cost,  withuut  impairing  system 
performance, 

In  some  of  the  examples  of  multiple  devices  that  have  been  described,  there  was 
at  least  one  common  connection  between  different  devices,  thereby  facilitating  use  of 
a  single  substrate.  By  using  this  type  of  multiple,  the  advantage  of  elimination  of 
some  interconnections  is  achieved.  In  some  of  the  transistor  multiples  and  In  the 
pnpn  diode,  on  the  other  hand,  fabrication  on  a  cummun  substrate  la  difficult  and 
therefore  not  done. 

It  is  important  to  realize  that  different  elements  need  not  be  on  the  same  semi¬ 
conductor  substrate.  Although  fabrication  on  the  same  slice  of  material  leads,  In 
certain  Instances,  to  the  elimination  of  Interconnections,  the  multiple  use  of  single 
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Fig.  46  -  PNPN  (iloflp  gate.  PNPN  diodes  connpctfi.'l 
as  shown  provide  high-speed,  low-loss  switching 
elements  for  lime  division  gutes.  The  occurence 
of  diodes  In  pnirs,  as  shown,  suggests  n  common, 
throe-loaded  encapsulation  for  the  two  devices. 


material  is  advantageous  only  when  the  complexity  of  the  structure  Is  not  Increased 
and  the  performance  of  the  circuit  la  not  degraded.  In  other  words  the  material  that 
Is  optimum  for  one  device  or  one  function  is  not  necessarily  optimum  for  all  devices 
or  all  functions.  Thus,  because  a  common  substrate  necessitates  the  use  of  a  com¬ 
mon  material,  this  will  also  not  always  be  optimum.  In  particular,  one  can  consider 
the  use  of  a  semiconducting  substrate  as  an  Insulator  to  provide  Isolation  between 
devices  and  as  a  resistor. 

Further,  since  the  major  advantages  of  Integrated  circuits  come  from  the  use  of 
a  common  encapsulation  it  would  appear  to  be  sensible  to  encapsulate  different  types 
of  devices  In  a  common  package  without  regard  to  whether  or  not  they  are  on  a  com¬ 
mon  substrate.  Indeed,  such  a  scheme  Is  highly  desirable  in  many  Instances. 

Now  let  us  examine  a  particular  circuit  and  see  how  these  concepts  can  be  applied. 
The  circuit  is  the  diode  transistor  logic  gate  known  also  as  LLL  or  Low-Level  Logic. 
The  basic  circuit  configuration  Is  shown  In  Fig.  47.  The  basic  features  of  this  logic 
circuit  are  as  follows; 


Fig.  47  -  LLL  gate.  This  logic  gate  performs  the  "and  not"  Boolean 
function  and  In  addition  provides  pulse  amplification.  If  all  of 
the  transistors  Ti  -  -  Tn  nrc  off,  then  transistor  Tg  will  be  on. 

If  any  of  the  transistors  Ti  -  -  Tfj  arc  on,  then  transistor  Tg  will 
be  off.  The  "and"  function  is  performed  by  the  diodes  and  the  in¬ 
version  or  "not"  function  and  amplification  by  the  transistors. 
The  shifter  diode  Dg  provides  circuit  margin  against  noise. 
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INPUT  TRANSISTOR 

OlOOeS  COLLECTOR 


FIjt.  4h  -  Fntcgrutlon  of  L-LL  gflto  on  n.  single  Rubstrnto- 
I  hls  lllufiti'ntus  how  tho  active  compononts  of  iho  LL,L 
gaio  can  be  fabricated  on  n  single  substrate.  Seven 
ulffiiBlon  and  oxide  masking  operations  plus  fifteen 
lead  nttachment.R  are  retjulrcd.  Performance  of  such  n 
gate  is  Inferior  to  one  made  of  Individual  components 
and  fabrication  difficulties  are  groatly  Increased. 


The  Input  diodes  are  all  connected  to  collectors  of  transistors  of  the  previous 
sta^e  as  indicated  in  the  figure.  When  all  transistors  connected  to  these  diodes  are 
In  their  off,  or  high  impedance  state,  then  current  will  flow  from  supply  B  through  the 
shifter  diode  Dg  (which  is  incorporated  to  provide  margin.s  and  In  many  cases  actu¬ 
ally  consists  of  three  series  diodes)  Into  the  base  of  tho  next  translator  turning  It  on 
and  thus  forward  biasing  all  the  diodes  connected  to  Its  collector.  This  In  turn  robs 
the  base  current  ol  the  next  set  ol  transistors  turning  them  off,  etc.  The  tunetton 
performed  by  this  circuit  Is  referred  to  ns  an  "and  not"  function,  since,  when  tran¬ 
sistor  1  and  transistor  2,  etc.  are  off,  then  Ira.balstor  B  will  not  be  off.  In  this  cir¬ 
cuit  the  diodes  are  the  logical  elements  and  the  transistors  serve  as  pulse  amplifiers 
and  inverters. 

Let  us  now  consider  several  approaches  which  might  be  employed  to  integrate 
this  circuit.  To  begin,  It  is  desirable  to  have  at  hand  some  additional  Information 
from  the  circuit  designer  concerning  the  specific  use  of  the  gate  and  Its  many  varia¬ 
tions.  When  one  examines  the  u.se  of  this  logic  scheme  in  any  real  system,  one  finds 
that  the  number  of  diodes  feeding  Into  any  pulse  amplifier,  called  Uie  "fan-in"  In 
circuit  parlance,  and  the  number  of  output  diodes,  called  the  "fan-out" ,  varies  widely. 
In  typical  computers,  the  fan-ln  and  fan-out  may  vary  from  one  to  ten  throughout  the 
system.  Therefore  any  integration  scheme  that  will  leave  the  system  designer  flex¬ 
ibility  must  be  capable  of  providing  from  one  to  ten  diodes  per  gate.  Further  exami¬ 
nation  of  the  LLL  circuits  show  that  the  shifter  diode  never  appears  In  the  circuit 
except  in  the  input  lead  to  the  transistor,  the  base  In  this  case. 

Now  for  the  possible  methods  of  integration  of  this  circuit.  There  are,  of  course, 
a  con.stdGrable  number  of  ways  of  doing  it,  but  we  shall  consider  only  four  here.  One 
method  consists  of  complete  Integration  and  two  ways  of  doing  this  are  Illustrated. 
First,  one  could  integrate  fully  on  a  single  substrate  of  silicon.  One  method  of  doing 
thus,  chosen  for  the  purpose  of  illustrating  disadvantages  as  well  as  advantages,  and 
not  because  It  is  the  simplest  or  be.st  way,  Is  .shown  In  Fig.  48.  The  lines  on  the 
figure  Indicate  leads  either  going  to  external  connections  or  providing  Internal  Inter- 


connections.  Planar  technology  permits  many  of  these  leads  to  be  made  by  evapora¬ 
tion  of  metal  films  over  an  insulating  layer  so  that  internal  Interconnections  need 
not  be  made  by  thermocompression  bonding.  In  order  to  provide  electrical  Isolation 
between  the  p-side  of  the  Input  diodes  and  the  transistor  base,  an  n-type  region  Is 
Interposed.  The  junctions  formed  between  the  n-side  of  the  shifter  diodes  and  the 
transistor  base  arc  back  biased  in  circuit  use  and  therefore  dc  isolated,  but  their 
presence  does  give  rise  to  extra  capacity.  This  scheme  provides,  through  the  use 
of  a  common  .substrate,  the  advantage  of  either  elimination  of  or  easier  methods  of 
fabrication  of  Interconnections.  However,  the  yield  picture  on  complex  structures 
is  not  yet  clear  and  It  appears  possible  that  the  advantages  to  be  gained  could  be 
outweighed  by  the  fact  that  any  defective  component  requires  the  replacement  of  the 
complete  structure.  The  loss  of  tlte  ability  to  pretest  and  select  components  for 
performance  is  severe  and  may  lead  to  difficulties,  when  high  performance  cir¬ 
cuits  are  fabricated  in  this  manner. 
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Mg.  4!i  -  Pnrllnl  Inlogr.atlon  of  LLl.  gntp  on  a  common  subslrnio. 

(n)  Illustratoa  Ihc  transistor  and  thu  output  diodes  of  the  LLL  gate. 

(b)  Shows  how  thu  translator  and  diodes  may  be  fabricated  on  n  common 
substrate.  Use  of  a  common  substrate  hors  Introduces  negligible  fnb- 
rlontlon  difficulties  and  provides  the  advantage  of  nllmlnutlon  of 
iniorconnecllons  between  the  translator  collector  and  the  Jtodoa. 
Circuit  conaldorallohs  dictate  against  the  general  use  of  this  acheme. 


Before  the  second  method  of  fabricating  the  complete  circuit  is  described,  con¬ 
sider  another  scheme  where  part  of  the  circuit  is  Integrated  on  a  common  substrate. 
This  is  Illustrated  In  Fig.  49  which  shows  the  transistor  and  the  output  diodes  fab¬ 
ricated  on  a  single  piece  of  silicon.  This  scheme  appears  to  offer  advantages  because 
the  n  collector  and  the  n-side  of  the  diodes  arc  connected  together  In  the  circuit,  and 
therefore,  fabrication  on  a  common  substrate  eliminates  Interconnection  without 
Introducing  difficulties.  In  this  scheme,  the  gate  could  be  completed  by  adding  the 
shifter  as  a  separate  wafer  and  encapsulating  all  In  one  package.  One  disadvantage 
of  this  scheme,  however,  not  immediately  apparent,  does  come  to  light  when  it  Is 
regarded  from  the  systems  point  of  view.  The  external  lead  wires  connecting  the 
different  packages  will  be  from  the  computer  diodes  to  the  shifter  diodes.  This  Is 
the  worst  place  for  long  leads  from  noise  considerations.  Thus,  though  this  Is  in¬ 
deed  a  useful  scheme,  some  price  may  be  paid  In  system  performance  and  reliability 
because  of  decreased  circuit  margins. 
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rig,  so  -  Integration  of  LLL  gate  with  different  devices  on  different 
semiconductor  wafers,  (a)  Shows  integration  of  the  complete  LLL  gate. 
The  computer  diodes  are  fabricated  on  a  common  substrate,  the  shifter 
diode  and  the  transistor  separately.  All  components  are  packaged  to¬ 
gether.  (b)  Shows  separate  packages  for  the  computer  diodes  and  the 
shifter-transistor  combinations. 


The  next  scheme  illustrates  the  second  method  of  complete  Integration,  but  no 
longer  on  a  common  substrate.  Fig.  50  shows  the  diodes  fabricated  on  a  common 
substrate,  a  second  wafer  for  the  shifter  and  a  third  for  the  transistor.  Again, 
common  packaging  is  used  so  that  the  advantages  of  potential  cost  reduction,  in¬ 
creased  performance  and  higher  reliability  are  gained  and  this  is  accomplished 
without  forcing  different  types  of  components  onto  a  common  substrate.  The  fourth 
scheme  also  shown  in  the  Illustration  differs  only  in  that  the  diodes  are  in  one  package 
and  the  shifter  and  tran.slator  are  p.arkaged  together  In  annther. 

Which  of  these  integration  methods  is  preferred  when  cost,  performance,  relia¬ 
bility  and  circuit  flexibility  (many  different  values  of  fan-in  in  this  ca.se)  are  taken 
into  account?  The  first  two  schemes  make  use  of  a  single  semiconductor  wafer  for 
either  the  complete  gate  or  at  least  a  substantial  part  of  it,  While  offering  many 
advantages,  the  complexity  of  the  fabrication  procedure  in  the  first  case  and  the 
degradation  of  performance  In  the  second  tends  to  rule  these  out  at  present.  Lack 
of  sufficient  data  precludes  a  definitive  choice  between  the  third  and  fourth  method 
at  this  time.  However,  some  of  the  factors  which  will  influence  this  choice  can  be 
named, 

Spare  parts  are  always  needed  and  are  usually  carried  in  Inventory  by  both  the 
systems  users  and  the  device  manufacturer.  One  such  factor  is  the  cost  differential 
between  an  Inventory  of  complete  gates  and  one  consisting  of  multiple  diodes  and 
shifter-transistor  combinations.  If  complete  gates  are  packaged,  the  inventory  cost 
per  package  will  be  higher.  On  the  other  hand,  if  inventories  of  diodes  in  single  and 
multiple  up  to  say  ten  are  carried  separately  from  the  shifter  and  transistor  pack¬ 
age,  then  more  packages  may  be  required,  though  they  will  be  cheaper.  In  addition 
to  Inventory,  other  considerations  of  importance  are  cost  of  manufacture  and  the 
mechanics  and  cost  of  interconnection  at  the  next  level.  An  additional  factor  relates 
to  the  circuit  design  Itself.  Should  the  circuit  design  be  modified  in  such  a  way  that 
several  stages  of  diode  logic  occur  without  pulse  amplifiers  and  inverters  then  the 
separate  package  method  would  be  desirable,  Other  considerations  will  most  cer¬ 
tainly  enter,  but  these  appear  to  be  imporfaht  ones. 

The  arguments  presented  and  examples  cited  above  have  been  primarily  con¬ 
cerned  with  the  methods  to  be  used  In  fabricating  the  semiconductor  components  of 
an  integrated  circuit.  The  same  line  of  thought  applies  equally  well,  with  appro¬ 
priate  modifications,  to  passive  components.  It  follows  that  the  fabrication  of 
resistors  and  capacitors  of  silicon,  or  other  semiconductor  material,  should  be 
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done  only  If  a  performance,  reliability  or  coat  gain  ia  achieved.  Although  aeml- 
conductor  resistors  and  capacitors  may  find  application  in  integrated  circuits,  in 
many  cases  their  inclusion  leads  to  a  degradation  in  over-all  circuit  performance. 


5.3  SUMMARY  AND  CONCLUSION 

In  this  chapter,  various  approaches  to  integrated  circuits  have  been  discussed 
and  evaluated  with  regard  to  their  capability  to  provide  lower  systems  cost,  im¬ 
proved  systems  performance  and  higher  systems  reliability.  It  was  also  considered 
necessary  that  these  objectives  must  be  met  without  loss  of  flexibility  in  either  sys¬ 
tems  or  device  design.  Lastly  it  was  recognized  that  devices  which  are  needed  in 
large  numbers  and  which  are  not  excessively  difficult  to  fabricate  are  required  to 
give  lower  costs, 

Conaideration  of  devices  which  perform  complex  functions  directly  was  limited 
because  they  do  not,  In  general,  exist.  Subsequent  considerations  of  Integrated 
circuits  showed  that  the  major  advantages  to  be  realized  come  from  the  use  of  a 
common  package  rather  than  a  common  substrate.  Further,  the  use  of  a  common 
substrate  for  its  own  sake  can,  in  many  Instances,  lead  to  increased  cost  with  no 
apparent  gain  in  either  performance  or  reliability. 

It  was  also  concluded  that  integrating  Boolean  functions  has  its  shortcomings 
because  It  limits  the  systems  designer's  flexibility.  On  the  other  hand,  the  use  of 
multiple  devices  and  the  common  encapsulation  of  different  device  types  go  a  long 
way  toward  meeting  the  objectives  for  e  wide  variety  of  digital  systems. 

In  summary  it  Is  believed  that  the  very  real  advantages  to  be  gained  from  the 
use  of  integrated  circuits  can  be  realized  without  resorting  to  over-sophisticated 
approaches  which  may  Inslcad  defeat  the  intentions. 
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Chapter  6 

EXPERIMENTS  IN  THE  AGING  OF  CONTACTS  TO  SEMICONDUCTOR  DEVICES 

By  G.  A.  Dodson  and  B.  Stauss 

6.1  INTRODUCTION 

During  accelerated  thermal  aging  experiments  performed  on  translators 
(Refs.  1,  2,  &3),  a  mechanism  of  failure  was  observed  which  Is  related  to  the  de¬ 
terioration  of  the  metal  to  metal  bond  made  to  the  semiconductor  material.  This 
failure  mechanism  proceeds  at  a  rate  sufficient  to  seriously  limit  the  ultimate  life 
of  the  semiconductor  device  and  also  Imposes  limitations  on  the  maximum  temper¬ 
ature  at  which  some  process  steps  can  be  carried  out.  It  Is  the  purpose  of  this 
Chapter  to  discuss  the  results  of  a  series  of  thermal  aging  experiments  carried 
out  on  several  metal  to  aluminum  bonds.  :i 

The  poor  aging  behavior  of  these  metal  to  aluminum  bonds  Is  revealed  In  two 
ways  during  elevated  temperature  aging. 

1)  The  resistance  of  the  bonds  increases  with  time, 

2}  The  bonds  become  iritermitient  and  then  complete  open  circuits. 

6.2  TEST  DEVICE 

In  order  to  study  this  failure  mechanism,  It  became  necessary  to  make  measure¬ 
ments  on  specially  prepared  test  vehicles.  These  test  vehicles  consisted  of  two  metal 
wires  of  the  appropriate  material  thermocompression  bonded  to  an  aluminum  layer 
which  had  been  evaporated  onto  a  p-type  germanium  substrate.  This  structure  was 
mounted  In  a  tubulated  type  TO-28  transistor  encapsulation.  Such  a  structure  is  free 
of  any  p-n  junctions  which  might  Interfere  with  measurements  of  the  contact  resistance. 

Four  kinds  of  metal  wires  were  used  In  preparing  eight  groups  of  devices  for  this 
study.  The  eight  groups  are; 

Group  No.  1  -  Gold  wire  units  in  an  open  tubulated  can. 

Group  No.  2  -  Gold  wire  units  sealed  In  room  air. 

Group  No.  3  -  Sliver  wire  units  In  an  open  tubulated  can. 

Group  NO.  4  -  silver  wire  units  scaled  In  room  air. 

Group  No.  5  -  Copper  wire  units  In  an  open  tubulated  can. 

Group  No.  6  -  Copper  wire  units  sealed  in  room  air. 

Group  No.  7  -  Platinum  wire  units  In  an  open  tubulated  can. 

Group  No.  8  -  Platinum  wire  units  sealed  In  room  atr. 
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The  open  devices  were  Intended  to  show  the  effect  of  aging  In  a  dry  air  ambient 
(1.0. ,  that  In  a  clean  aging  furnace)  while  those  which  were  pinched  off  In  room  air 
(approximately  50  per  cent  R.H.)  were  Intended  to  show  the  effect,  If  any,  of  a  limited 
ambient  and/or  contamination  from  the  outgassing  of  the  can. 


6.3  AGING  CONDITIONS 

Six  uiiit.s  from  each  of  the  above  groups  were  placed  on  aging  at  each  of  the 
following  temperatures,  200*C,  250*C,  300*C  and  350*C.  Such  an  array  of  tempera¬ 
tures  was  chosen  In  an  effort  to  determine  the  effect  of  temperature  on  the  rate  of 
deterioration  of  the  metal  to  metal  bonds. 


6.4  MEAStmEMENTS 

The  "soundness"  of  these  bonds  was  monitored  by  resistance  measurements 
made  through  the  two  metal  to  aluminum  bonds. 


6.5  EXPERIMENTAL  RESULTS 

The  aging  behavior  of  the  units  prejKired  using  silver  wires  (Croups  2  and  4) 
is  very  poor  with  the  bonds  becoming  open  circuits  within  the  first  ten  hours  of 
aging  on  most  of  the  aging  runs.  However,  the  cans  which  were  left  open  tended  to 


outlast  the  sealed  units.  Because  of  the  Insufficient  data  on  these  units,  they  will 
not  be  considered  in  the  results  to  follow. 

Fig.  51  shows  typical  resistance  changes  versus  aging  time  for  open  cans 
(Groups  1,  5  and  7)  aged  at  200“ C.  All  other  experimental  groups  and/or  aging 
conditions  show  a  similar  trend  with  more  pronounced  resistance  change. 


Fig.  C3  -  50%  bonded-wire  fnllures  (Failure iiR>  100  ohms) 
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Figs.  52  and  53  show,  graphically,  the  results  of  resistance  change  as  a 
function  of  the  aging  temperature  of  Groups  1,  2,  5,  6,  7,  and  8  for  two-ohms  in¬ 
crease  and  one-hundred  ohms  Increase  respectively. 

It  should  be  noted  from  these  figures  that  the  sealed  units  (Groups  2,  6,  and  8) 
have  much  shorter  aging  life  then  the  units  left  open  to  air. 


6.6  CONCLUSIONS 

An  Important  mechanism  of  failure  of  germanium  transistors  as  a  result  of 
thermal  aging  Is  a  change  In  resistance  In  the  electrode  connections  together  with 
a  reduction  In  the  mechanical  strength  of  the  lead  bond.  It  Is  believed  that  the 
mechanism  of  this  failure  Is  related  to  the  solid  state  diffusion,  surface  or  hulk,  of 
the  various  elements  present. 

This  failure  mechanism  Imposes  a  serious  limitation  to  the  reliability  of  the 
devices.  Since  this  la  a  problem  of  major  Importance,  It  la  proposed  that  additional 
experiments  be  directed  toward  confirming  the  postulated  mechanisms.  By  such  a 
program  It  is  expected  that  solutions  can  be  found  to  remove  this  restriction  on  the 
performance  of  these  devices. 
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SECTION  5  -  CONCLUSIONS 


TASK  4  -  NEW  AND  IMPROVED  TRANSMISSION  TYPE  TRANSISTORS 

The  fabrication  of  the  desired  aurfAce  geonietry  fof  the  lOOD-mc  Iran- 

sistar,  using  the  new  techniques  of  oxide  stripe  separation,  has  been  carried  out. 

Some  modification  of  Jigging  and  processing  must  be  done  before  devices  can  be 
produced.  Further  characterization  of  mesa  transistors  indicates  that  the  base 
resistance  of  the  device  Is  at  least  as  low  as  the  value  computed  from  Its  structure. 
Further  reduction  of  the  encapsulation  parasitic  inductances  must-be-obtalned  before 
unambiguous  evlauatlon  of  the  transistor  wafer  may  be  obtained.  Higher  collector- 
breakdown  voltage  must  be  obtained  to  meet  design  objectives. 

Dc.slgn  calculations  indicate  that  a  low-power  li-anBlutor  with  a  unilateral  gain 
of  14  db  at  3  kmc  Is  feasible,  A  0,26-mll  diameter  emitter,  with  0.1-mll  separation 
between  the  emitter  and  base  electrodes,  Is  necessary.  Structures  of  this  size  have 
been  produced.  However,  scattering  of  the  evaporated  materials  during  the  evapora¬ 
tion  of  the  electrode  structure  has  prevented  fabrication  of  satisfactory  devices.  A 
new  iow-paraslllc  encapsulation  Is  also  necessary  for  this  device, 

The  low-frequency  ba.se  current  in  all  dlffused-base  germanium  transistors, 
which  results  In  a  fall-off  of  current  gain  at  low  emitter  currents,  appears  to  be  due 
solely  to  a  surface  recombination  current  In  the  emitter  apace  charge  at  the  perimeter 
of  the  emitter  electrode, 


TASK  9  -  FUNCTIONAL  DEVICES  AND  INTEOHATED  CTOCUITS  . , 

Early  results  from  a  series  of  accelerated  aging  experiments  on  multiple  diodes 
in  a  single  encapsulation  have  Indicated  that  the  main  population  (00  per  cent  of  the 
units)  possess  good  tolerance  to  both  thermal  and  electrical  stresses.  The  remaining 
10  per  cent  are  statistical  freaks  showing  power  aging  properties, 

A  review  of  various  methods  of  integrating  semiconductor  circuits  led  to  the 
conclusion  that  integration  on  a  single  substrate,  or  the  Integration  of  solely  Boolean 
functions,  possesses  disadvantages.  An  approach  utilizing  multiple  like  devices  on  a 
common  substrate  and  the  common  encapsulation  of  unlike  devices  on  separate  sub¬ 
strates  appears  to  go  a  long  way  toward  meeting  the  objectives  for  a  wide  variety  of 
digital  systems, 

Accelerated  .nglng  experiments  nn  thermal  compression  bonded  lead  wires  to 
aluminum  contacts  on  a  semiconductor  substrate  have  shown  that  the  resistance  of 
the  bond  increases  until  an  open  circuit  occurs.  The  rate  of  aging  appears  to  be  a 
function  of  the  ambient  atmosphere  around  the  bond. 
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SECTION  6  -  PROGRAM  FOR  THE  NEXT  INTERVAL 


TASK  4  -  NEW  AND  IMPROVED  TRANSMISSION  TYPE  TRANSISTORS 

The  fabrication  of  the  1-watt,  lOOO-mc  transistor  with  the  new  structure  will 
continue,  and  processing  details  will  be  Improved,  so  the  completed  devices  can  be 
obtained.  Additional  evaluation  of  both  the  new  structure  and  the  mesa  structure 
will  be  carried  out  to  obtain  a  better  understanding  of  the  device.  An  effort  will  be 
made  to  improve  the  quality  of  the  epitaxial  germanium  in  order  to  Increase  the 
collector  breakdown  voltage. 

Investigation  of  scattering  of  evaporated  materials  will  continue  as  the  major 
effort  on  the  small  geometry  necessary  for  the  M2275  transistor.  Work  on  evapora¬ 
tion  masks  and  jigging  will  continue  with  the  goals  of  Improving  the  geometry  and 
easing  the  device  fabrication. 

Design  studies  for  both  devices  will  continue  and  fabrication  of  very  low  parasitic 
encapsulations  for  both  devices  will  be  started. 


The  development  of  the  technology  necessary  In  the  production  of  Integrated 
circuits  will  be  continued.  Particular  attention  will  be  paid  to  the  establishment  of 
Integration  techniques  possessing  the  flexibility  necessary  for  wide  application  to 
various  digital  systems. 

Accelerated  aging  fitudles  will  continue  to  investigate  the  mechanisms  of  failure 
associated  with  semiconductor  devices, 

Experiments  to  determine  the  reliability  of  multiple  diodes  in  a  single  encapsul¬ 
ation  will  be  completed  and  the  results  will  be  evaluated. 
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ATTN:  Rpts  Distribution  Unit,  Solid  State  &  Frequency  Control  Div.  (Record  Copy) 

ATTN:  Mr.  Ahlstrom,  Solid  State  &  Frequency  Control  Division 

-ATTN;  Mr.  Arm.ata,  Solid  State  &  Frequency  Control  Division 

ATTN;  Dr.  Meindl,  Solid  State  &  Frequency  Control  Division 

ATTN;  Mr.  Wandinger,  Solid  State  &  Frequency  Control  Division 

Chief  Signal  Officer,  Department  of  the  Army,  Washington  25,  D.C. 

ATTN;  SIGRD-4ab 
ATTN:  SIGAP 

Director,  U.S.  Naval  Research  Laboratory,  Washington  25,  D.C. 

ATTN:  Code  2027 
ATTN;  Code  1071 
ATTN:  Code  6451 
ATTN;  Code  4133 
ATTN;  .Cocie  5210 
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1  copy  to  each  of  the  following: 

Commander,  Air  Force  Cambridge  Research  Laboratory, 

Laurence  G.  Hanscom  Field,  Bedford,  Massachusetts 
ATTN:  CRXL,  Technical  Library 

Commanding  General,  U.S.  Army  Electronic  Proving  Ground, 

Fort  Hauchuca,  Arizona 
ATTN:  Technical  Library 

Commanding  Officer,  U.S.  Army  Signal  Material  Support  Agency, 

Fort  Monmouth,  New  Jersey 

ATTN:  SIGMS/ES-ADJ 

ATTN:  SIGMS/PFE-4  (Mr.  L.  Kramer) 

Stanford  Electronics  Laboratories,  Stanford  University,  Stanford,  California 
ATTN:  Mr.  J.  Gibbons 
ATTN:  Mr.  J.  Lowell 

University  of  Illinois,  Urbana,  Illinois 
ATTN:  Dr.  J.  Bardeen 

Commander,  Rome  Air  Development  Center, 

Air  Research  &  Development  Command,  Griffiss  Air  Force  Base,  New  York 
ATTN:  RAALD 

Commanding  Officer,  U.S.  Army  Signal  Missile  Support  Agency, 

White  Sands  Missile  Range,  New  Mexico 
.■iVTTN:  Mr.  D.  E.  Samuelson 

Commanding  Officer,  U.S.  Army  Signal  Electronic  Research  Unit, 

P.O.  Box  205,  Mountain  Vievi',  California 

SigC  Liaison  Officer,  Ordnance  Tank  Automotive  Command, 

U.S.  Army  Ordnance  Arsenal,  Detroit,  Center  Line,  Michigan 

Commanding  Officer,  U.S.  Army  Chemical  Research  &  Development  Laboratories. 
.Army  Chemical  Center,  Maryland 
ATTN:  Technical  Library 

Commanding  General,  U.S.  Army  Signal  Supply  Agency, 

225  South  18th  Street,  Philadelphia  3,  Pennsylvania 
ATTN:  Mr.  J.  Shwop 

Director,  National  Bureau  of  Standards.  Washington  25,  D.C. 

ATTN:  Mr.  J.  C.  French 

Texas  Instruments,  Inc.,  Semiconductor  Components  Library, 

P.O.  Box  107!),  Dallas.  Texas 

Philco  Corporation,  C  &  Tioga  Streets,  Philadelphia  34,  Pennsylvania 

U.S.  Naval  Inspector  of  Ordnance,  Applied  Physics  Laboratory, 

The  Johns  Hopkins  University,  Silver  Spring,  Maryland 

Bureau  of  Naval  Weapons  Representative,  1675  West  5th  Street, 

P.O.  Box  1011,  Pomona,  California 
ATTN:  melrolog'/  Department 

Massachusetts  Institute  of  Technology,  77  Massachusetts  Avenue, 

Cambridge  39,  Massachusetts 
ATTN:  Tech.  Documents  Office 


1  copy  to  each  of  the  following: 

Lincoln  I-^iboratory,  Massachusets  Institute  of  Technology, 

P.O.  Box  73,  Lexington  73,  Massachusetts 
ATTN:  Group  85 

Commander,  U.S.  Naval  Shipyard,  U.S.  Naval  Base,  Brooklyn  1,  New  York 
ATTN:  Code  912B 

Sperry  Gyroscope  Company,  Division  of  Sperry  Rand  Corporation, 

Great  Neck,  Long  Island,  N.  Y. 

ATTN;  Mr.  F.  Turnbull 

Sage  Laboratories,  !nc.,  30  Guinan  Street,  Waltham  54,  Massachusetts 
ATTN:  Mr.  T.  Saad 

Avco  Manufacturing  Corporation,  Crosley  Division, 

1329  Arlington  Street,  Cincinnati  25,  Ohio 
ATTN:  R.  A.  Maker 

Harvard  University,  Tech.  Reports  Collection,  303A  Pierce  Hall, 

Cambridge  39,  Massachusetts 
ATTN:  Mr.  M.  L.  Cox,  Librarian 

Sylvania  Electric  Products,  Inc..  100  Sylvan  Road,  Woburn,  Massachusetts 
ATTN;  Mr.  S.  G.  Lawson 

Radio  Corporation  of  America,  Sarnoff  Research  Center, 

Princeton,  New  Jersey 
ATTN:  Mr.  E.  G.  Linder 

University  of  Pennsylvania, 

Moore  School  of  Electrical  Engineering,  Philadelphia,  Pennsylvania 
ATTN:  Dr.  Rubinoff 

Pui  due  University,  Physics  Laboratory,  Lafayette.  Indiana 
ATTN;  Librarian 
ATTN:  Dr.  H.  Y.  Fan 

Northwestern  University,  619  Clark  Street,  Evanston,  Illinois 
ATTN:  Mr.  R.  F.  Beam 

University  of  Michigan,  Willow  Run  Labs,  Ypsilanti,  Michigan 
ATTN:  Librarian  (ERIA) 

Purdue  University,  Electronics  Engineering  Division,  West  Lafayette,  Indiana 
ATTN:  Mr.  G.  R.  Cooper 

Polytechnic  Institute  of  Brooklyn.  Gradu;ite  Center,  Route  110.  Farmingdale,  N.Y. 

Director,  Cooley  Electronics  Laboratory. 

University  of  Michigan.  Ann  Arbor,  Michigan 
ATTN:  Dr.  B.  F.  Barton 

The  Bendix  Corporation,  Eclipse-Pioneer  Division,  Teterboro,  New  Jersey 
ATTN:  Harold  Moreines,  Department  7211 

Connecticut  Telephone  &  Electric  Corporation  of  Meriden, 

38  Elm  Street,  Meriden,  Connecticut 
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1  copy  to  each  of  the  following: 

Dubrow  Electronic  Industries,  Inc., 235  Penn  Street,  Burlington,  New  Jersey 

Fairchild  Stratos  Corporation,  Electronic  Systems  Division, 

Wyandanch,  L.I.,  New  York 

Kellogg  Communications  Systems  Department, 

500  North  Pulaski  Road,  Chicago  24,  Illinois 
ATTN:  Mr.  A.  Radcliffe 

Lenkert  Electric  Company,  Inc.,  1105  County  Road,  San  Carlos,  California 
ATTN:  Mr.  Lyle  R.  Groberg 

P.  R.  Mallory  &  Company,  Inc.,  Indianapolis  6,  Indiana 
ATTN:  Mr.  John  S.  Ashby,  Jr. 

Raytheon  Company,  Semiconductor  Division,  150  California  Street, 

Newton  58,  Massachusetts 
ATTN:  Technical  Library 

Sprague  Electric  Company,  North  Adams,  Massachusetts 
Stelma,  Inc.,  200  rionry  Street,  Stamford,  Connecticut 

General  Electric  Components  Division,  P.O.  Box  11?'^.  Syracuse,  New  York 
ATTN:  Mr.  G.  A.  Doxey 

Transitron  Electronic  Corporation,  168  Albion  Street,  Wakefield,  Massachusetts 
ATTN:  Dr.  Bakalar 

Clevite  Transistor,  241  Crescent  Sti'eet,  Waltham  54,  Massachusetts 
Vice  President,  Research  and  Engineering  Department, 

Western  Union  Telegraph  Company,  60  Hudson  Street,  New  York  13,  New  York 
ATTN:  Mr.  C.  M.  Brown 

Pacific  Semiconductors,  Inc.,  10451  West  Jefferson  Boulevard,  Culver  City,  California 

Vitro  Laboratories,  Vitro  Corporation  of  America,  Silver  Spring  Laboratory, 

14000  Georgia  Avenue,  Silver  Spring,  Maryland 
ATTN:  Miss  C.  Marian  Jaques,  Librarian 

Cutler- Hammer,  Airborne  Instruments  Laboratory  Division. 

Melville,  Long  Island,  New  York 

Motorola,  Inc.,  Semiconductor  Products  Division,  5005  East  McDowell  Road, 

Phoenix,  Arizona 
ATTN:  J.  S.  Larue 

Shockley  Transistor,  Unit  of  Clevite  Transistor, 

Stanford  Industrial  Park,  Palo  Alto,  California 
ATTN:  Dr.  W.  Shockley 

Sperry  Semiconductor,  Division  of  Sperry  Rand  Corporation, 

Wilson  Avenue,  South  Norwalk,  Connecticut 
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1  copy  to  each  of  the  following: 

New  York  University,  Col’ege  of  Engineering, 

401  West  205th  Street,  New  York  34,  New  York 
ATTN:  Mr.  A.  R.  Strube 

Hughes  Aii'craft  Company,  Semiconductor  Division, 

P.O.  Box  278,  Newport  Beach,  California 
ATTN:  Library 

Director,  Jet  Propulsion  Laboratory,  Pasadena,  California 

Battelle  Memorial  Institute,  505  King  Avenue,  Columbus  1,  Ohio 
ATTN:  Tech.  Info.  Division 

Radio  Corporation  of  America,  Semiconductor  Division,  Sommerville,  New  Jersey 
ATTN:  Patricia  M.  Kuran,  Librarian 

Commanding  General,  U.S.  Army  Ordnance  Missile  Command, 

Redstone  Arsenal,  Alabama 
ATTN:  ORDXM-DR 
ATTN:  ORDXR-IXD 
ATTN:  ORDAB-T 


Fairchild  Semiconductor  Corporation,  545  Charleston  Road,  Mountain  View,  California 
ATTN:  Mr.  T.  II.  Bay 

Commanding  Officer  &  Director.  U.S.  Naval  Electronics  Laboratory, 

San  Diego  52,  California 

International  Busine.s.s  Machines  Corporation,  Components  Division, 

P.O.  Box  390,  Poughkeepsie,  New  York 
ATTN:  R.  Counihan 

Deputy  President,  U.S.  Army  Security  Agency  Board, 

Arlington  Hall  Station,  Aldington  12,  Virginia 

Rheem  Semiconductor  Corporation,  350  Ellis  Street,  Moimtain  View,  California 
ATTN;  Mr,  Charles  J.  Rogers 

Stanford  Research  Institute,  Menlo  Park,  California 
ATTN:  External  Reports,  G-037 

#■ 

WESTERN  ELECTRIC  COMPANY 

.A.  E.  Anderson  (Allentown}  G.  G.  Kreider 

R.  B.  Butterfielci,  Jr.  R.  B.  Palme 

L.  C.  Jarvis  (3) 


BELL  TELEPHONE  LABORATORIES 


100  copies 


This  contract  is  supervised  by  the  Solid  State  &  Frequency 
Control  Division,  Electronic  Comiioncnts  Department,  USASRDL, 
Fort  Monmouth,  New  Jersey.  For  further  information  contact: 
Dr.  Lothar  Wandinger,  Project  Advisor,  Telephone  535-1723. 
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